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Abstract  
 
 
The goal of this project is to evaluate improvements in accuracy, curve-following ability, and damping 
resulting from an Independent Quality Labs, Inc supertune on a Haas vertical machining center. Two machining 
tests were performed on a standard Haas vertical machining center and a supertuned Haas vertical machining 
center in order to quantify the differences between the two machines. The supertuned machine showed 
substantial improvements in accuracy and damped vibrations from machining operations over the standard 
machine tool. 
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1 Objective 
 
 The goal of this project is to evaluate improvements in accuracy1, curve-following ability, and damping 
resulting from an Independent Quality Labs, Inc (IQL, www.iqlinc.com ) supertune on a Haas vertical machining 
center (VMC). A supertuned machine was compared with an identical standard Haas vertical machining center to 
provide a real-world comparison of the benefits of the IQL supertune by focusing on two main objectives: 
  
• Evaluate the accuracy and curve-following ability of each machine over a large portion of the machine’s 
work space using a test part. 
• Evaluate the damping ability of each machine through chatter limit tests  
                                                 
1
 For the purposes of this report accuracy is defined as how close a measured value is to the true value. ISO 5725-1:1994 defines accuracy 
as both trueness and precision, where trueness is defined as how close a measured value is to the true value. In accordance with the ISO 
definitions only the trueness component of accuracy is used for this study.  
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2 Rationale  
 
 As technology advances, increasing demands are placed on the manufacturing industry to produce parts 
of ever-increasing complexity and accuracy. Simultaneously, competitive economic demands necessitate higher 
and higher productivity while satisfying these elevated quality standards (Mou, 1997). Suppliers must keep up 
with these demands by supplying their clients with more accurate parts in less and less time. Subsequently, it can 
be assumed that the demand for machine tools capable of producing parts that meet rigid quality standards in 
shorter cycle times, all while being within the financial grasp of the average machine shop, has been steadily 
growing. 
 The practice of tuning of both new and used machine tools aims to maximize the machines 
performance. Understanding the benefits of this process is a crucial step in deciding if tuning a machine is a 
viable option. From a sales standpoint for both the machine tool distributor and the after-market tuning 
company, being able to illustrate to a potential customer the real-world benefits of tuning a machine is a valuable 
resource. Likewise, from the consumer standpoint, justifying the added cost is extremely important. Most 
importantly, being able to answer the question “Will the tuned machine make more accurate parts faster than the 
standard machine?” is invaluable for both buyer and seller.  
In addition to comparisons used to gauge the differences between machines or machine setups, 
understanding and quantifying a machine’s performance capability is also valuable. With the knowledge of how 
well a certain machine can position, follow curves, and rough out large amounts of material, machines can be 
properly matched to producing certain parts (Callaghan, 2008). This can help to eliminate down time and scrap 
parts caused by attempting to machine parts that require greater accuracy than the machine tool itself is capable 
of producing.  
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3 State-Of-The-Art 
 
3.1 Machine Tool Accuracy Testing 
 
Even with modern technology and materials it is impossible to build a perfect machine tool that can 
produce a perfect part every time. The ever-changing stresses and strains placed on machine components during 
machining make it impossible to design a machine tool capable of machining parts with one hundred percent 
accuracy (Ramesh et al., 2000). Since all errors have a negative effect on accuracy, evaluating the errors present in 
a machine tool is the first critical step in improving the accuracy of the machine.  
 
3.1.1 Sources of Machine Tool Errors 
 
In order to understand the errors in a machine tool, it is important to first be familiar with the numerous 
sources of error.  
Errors can be grouped into two main categories, quasi-static errors and dynamic errors. Quasi-static 
errors refer to those that relate to the structure of the machine tool. These errors vary slowly with time and are 
related to factors such as the machine’s dead weight, geometric errors, and thermally-induced strains. Dynamic 
errors are errors that are primarily dependent on a given operating condition of the machine. Errors induced by 
vibration, cutting forces, and controller errors are considered dynamic errors. Quasi-static errors comprise 
roughly seventy percent of the overall error in a machine tool and are subsequently the primary focus of efforts 
to improve machine tool accuracy (Ramesh et al., 2000).  Figure 1 shows an outline of the most common errors 
found in a machine tool and factors that contribute to each type of error. Geometric/kinematic error, thermal 
error, and fixture-dependent errors are all quasi-static errors, while cutting force induced error is considered to be 
a source of dynamic error.  
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Figure 1. Outline of Factors Contributing to Overall Machine Tool Error (Ramesh et al.,2000) 
 
 Geometric errors are errors that are due to the basic design of the machine tool. They can be errors built 
in during manufacturing and/or errors inherent in the components used to build the machine tool. Subsequently, 
they account for one of the largest sources of error in a machine tool. (Ramesh et al., 2000). A typical three-axis 
vertical machining center has twenty one possible sources of geometric error. Each axis can have errors in its 
linear positioning, pitch, yaw, vertical straightness, horizontal straightness, and roll (Destefani, 2001).  
 Kinematic errors are caused by the relative motion of machine components. These errors are most 
significant during the combined motion of multiple axes, as is the case during circular and linear interpolation 
(Ramesh et al., 2000).  
 Thermal errors are errors caused by the strain on various machine components due to temperature 
variations. There are six different sources of thermal error: heat from cutting, heat generated by the machine 
itself, heating/cooling from the cooling systems in the machine, heating/cooling of the environment, people, and 
thermal memory from past environments. The most important source of these errors is heat generated by the 
machine. During operation, heat causes machine components to expand, increasing the positioning error of the 
tool relative to the work piece (Ramesh et al., 2000). 
Cutting force errors are caused by deflection of machine components resulting from stress applied to the 
components during the cutting operation. Since the forces involved in metal-cutting are generally large, cutting 
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force error can be considerable depending on the type of machining operation. In the past, cutting force errors 
have often been neglected since finish machining operations only remove small amounts of material; however, in 
modern machining, hardened steel parts are often machined directly to their final size without grinding and 
subsequently machining forces can be large and have a significant effect on machine tool accuracy (Ramesh et al., 
2000).  
  
3.1.2 Error Evaluation and Compensation 
 
In the broadest sense, error correction can be divided into two categories. Error avoidance focuses on 
the designing and manufacturing of machine tools in such a way that error is reduced. Error compensation 
involves measuring and compensating for errors after the machine is built. Error compensation itself can be 
divided into two categories: pre-calibrated error compensation, where errors are measured and compensated for 
before or after the machining process, and active error compensation, where errors are monitored during 
machining and compensated for on the fly (Ramesh et al., 2000). The IQL Supertune is a method of pre-
calibrated error compensation.  
There are various methods used to measure error on machine tools. Electronic levels and laser 
interferometers are used to measure angular errors (pitch, roll, and yaw) in machines’ axes. These tools allow the 
exact sources of errors to be identified and aid in the proper alignment of machines to greatly reduce these 
errors. Because it is a large source of error, the measurement and correction of angular errors often has a 
profound effect on machine performance (Callaghan, 2008). Laser interferometers aligned with each axis of the 
machine tool are used to measure linear displacement errors in each axis. Lasers can also be oriented diagonally 
to all three machine axes in order to measure multiple sources of error at the same time across the entire work 
envelope (Batesi, 2007). Measurements taken by these systems are frequently used to generate linear 
compensation parameters to improve the linear displacement accuracy of each axis. Ballbar tests can be used to 
measure numerous errors such as servo gain mismatch, vibration, stick-slip errors, backlash, repeatability, and 
scale mismatch (Destefani, 2001). Lastly, machined test parts are used to measure machine tool errors by careful 
measurement of specific features. Test parts are an excellent measure of overall machine performance since 
production of a within-tolerance part is the overall goal of aligning and tuning a machine tool. 
There are two primary accepted standards that are used in testing and reporting machine tool accuracy; 
ANSI/ASME B5.54 and ISO 230. The documents outline numerous testing procedures for evaluating all types 
of machine tool errors as well as specific test parts that can be used to evaluate machine tool performance.  
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3.2 Vibration in Machining 
 
Vibrations in machining operations are of great interest since they have negative effects on surface 
finish, tool life, and machine tool condition. Vibrations or dynamic instability can be divided into two main 
categories; forced, and regenerative/self-excited. Forced vibrations are those caused by imbalances in rotating 
machine components as well as vibrations that may be caused by external disturbances such as other shop 
equipment. Regenerative or self-excited vibrations are more commonly known as chatter. Chatter is caused by 
instability in the cutting process and leads to a variation in the uncut chip thickness which in turn leads to more 
vibration and is therefore dependent upon the specific cutting conditions (Roubik, 1969). Chatter is dependent 
on the width of cut, both axial and radial, and is often the limiting factor in increasing material removal rates, 
making it a topic of great interest in machining.  
 
3.2.1 Vibration Detection 
 
Vibrations are monitored using a few different methods in machining. The most basic method of 
monitoring vibrations is through the use of accelerometers and force sensors. Accelerometers and force sensors 
can provide important data such as the amplitude and frequency of vibrations present during machining 
operations. Another method of vibration detection uses microphones and audio signal analysis to gather 
information about machining vibrations (Delio & Dilley, 2004). Most recently the use of lasers and laser 
vibrometry has been used to study vibration at the cutter (Tatar & Gren, 2008).  This new method is particularly 
effective since force sensors and accelerometers cannot be placed directly on the cutter, where the vibration is of 
the most importance.  
 
3.2.2 Dealing with Vibration 
 
Eliminating vibration, specifically chatter, in machining has always been a topic of great interest. From a 
design and manufacturing standpoint the method of making more dynamically stable machines has changed 
greatly over the years. In the past, machines were built larger and heavier to damp vibration with shear size. 
Today, more advanced design and analysis work is performed resulting in machines that are lighter and have 
increased dynamic stiffness. Similarly, there have been efforts to tune machine components to better damp 
vibrations in machine structures (Kunica, 1962).   
Various mounting techniques for machine tools have also been employed in an effort to damp 
vibrations in the machine as well as isolate it from surrounding environmental vibrations. These include the use 
of helical steel springs, elastomeric mounts, and pneumatic mounts. The pneumatic mounts have proven to be 
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among the most effective and some even employ servo mechanisms capable of keeping the machine level 
(Kunica, 1962).  Fixing a machine to the foundation beneath it is also an effective method for improving a 
machine’s ability to damp vibrations. Various industrial mounting systems are available that allow a machine to 
be anchored to the floor which increases the overall 
stiffness of the machine. The increased stiffness 
gives the machine a higher natural frequency, 
making it more resistant to chatter during machining 
operations.  
Analytical methods of predicting stable, 
chatter-free cutting parameters have also been used 
to help deal with chatter problems and optimize 
material removal rates (Solisa et al., 2004). Non-
destructive tests, typically using microphones and/or 
accelerometers and a hammer to tap the tool loaded in 
the machine spindle, are used to gather data about the structural dynamics of a specific machine tool and cutter 
combination. The results of these tests are used to produce plots of stable depths of cut at various spindle 
speeds, which are known as stability lobe diagrams. Figure 2 shows an example of a typical stability lobe diagram. 
These diagrams are used to select spindle speeds and depths of cut that will ensure stable machining with a 
specific machine and cutting tool setup.  
Like machine error, there are also standardized tests designed to evaluate a given machine tool’s 
tendency to chatter. The American Society of Mechanical Engineers specifies a test using steel or aluminum that 
can be performed on almost any machine to assess its tendency to chatter (ASME B5.54-2005, 2005). The test is 
designed to provide a relative measure of how dynamically stable a machine tool is during a cutting operation.  
 
Figure 2. Example of Typical Stability Lobes Diagram 
(Solisa, 2004) 
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3.3 The Independent Quality Labs Supertune 
 
The Independent Quality Labs supertune is a complete tuning package developed by IQL to 
significantly improve the overall performance of any Haas vertical machining center. The package includes 
mounting the machine on UNISORB® (www.unisorb.com) fixator mounts that are secured to the floor beneath 
the machine with epoxy, measuring and correcting angular errors on each machine axis, measuring and 
correcting angular axis relationships such as squareness, and compensating each axis to optimize linear 
positioning accuracy. Figure 3 shows an image on of the fixators used to anchor the machine tool to the floor. 
The result is advertised to be a machine that is significantly more rigid and accurate over its entire work volume. 
 
 
Figure 3. UNISORB Fixators Used in the IQL Supertune Process 
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4  Approach 
 
To date, methods for evaluating the accuracy, curve-following ability, and damping ability of a machine 
tool have been mainly used to provide information regarding a specific machine and its capabilities. It is 
uncommon to see the tests used to compare two or more machine tools. The use of test parts to evaluate a 
machine provides an easily understood and universally accepted measure of performance since the accuracy of 
machined parts is of utmost importance.  
Current test part designs such as those specified by the ASME and ISO standards do not provide a good 
measure of a machine’s capabilities over a broad range of its travel. Figure 4 shows a drawing of the ASME test 
part. The part is too small to provide good information about a machine’s positioning capability over a broad 
range of travel and too large to provide 
good information about a machine’s 
curve-following ability in multiple 
different zones of the machine’s travel. 
To address these issues, a new test part 
was designed to provide better 
information about a machine tool’s 
positioning capability as well as its curve-
following capability.  
To assess damping ability, a 
chatter limit test was used in which the 
depth of cut in a machining operation 
was increased until chatter occurred. By 
measuring the depth at which chatter 
first occurs, relative comparisons 
between the damping ability of different 
machines can be made. For instance, if 
one machine can sustain a deeper cut without chattering than another, it can be inferred that the machine has a 
better ability to damp vibrations from a machining operation.  
Together both tests provide a method for evaluating the differences between a standard Haas vertical 
machining center and a supertuned vertical machining center.   
Figure 4. ASME Precision Contouring Test Part (ASME B5.54-
2005, 2005) 
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5 Methods 
 
 
Evaluation of the IQL supertune was performed by running two machining tests on two identical Haas 
VF-2 vertical machining centers, one of which had been supertuned and the other had not. The standard 
machine was located in the showroom of Trident Machine Tools, LLC in Windsor, CT, and the supertuned 
machine was located at Independent Quality Labs in Rockville, RI. Both machines were equipped with nearly all 
of the same factory options; most importantly, both machines had twenty horsepower, 7500 rpm spindles, side-
mount tool changers, and high-speed machining software. The only difference that may have affected the tests 
slightly was the fact that the base casting on the standard VF-2 was a new design featuring gussets on the flanges 
that the jack screws pass through, likely slightly improving rigidity over the older style base casting on which the 
supertuned machine was built. This in turn could have slightly improved the damping ability of the standard VF-
2 and caused it to perform slightly better in the chatter limit test compared to a supertuned VF-2 with an 
identical base casting. However, it is supposed that this difference would be very small and therefore would not 
substantially affect the results.  
 
5.1 Accuracy Testing 
 
The first test was designed to evaluate each machine’s positioning and two-axis contouring/interpolation 
performance across a wide range of machine travel. A machining test part was used for this test in order to 
provide a real world measure of each machine’s ability to hold tolerances on a machined part.  
 
5.1.1 Machining Test Part Design 
 
The machining test part used was designed specifically for the 
tests. The design is based on the ASME B5.54-2005 precision 
contouring test part, however there were many changes made. The 
team at Independent Quality Labs assisted in designing the test parts by 
reviewing each iteration of the design and providing extensive feedback 
via telephone conference which aided in  understanding of the different 
aspects of machine performance that were important to study. 
The first iteration of the test part design is shown in Figure 5. Figure 5. First Test Part Design 
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It is similar to the ASME test part with the addition of a spline curve comprised of a series of arcs and the 
removal of the bored holes. The spline curve was added to test the machine’s high-speed contouring accuracy 
over a complex two-dimensional surface. The part was six inches square and multiple parts were intended to be 
placed in the machine at various locations across the machines travel.  This design and setup would have yielded 
good information about the machine’s contouring accuracy at each location but would not have provided any 
information about the machine’s positioning accuracy across a broad range of travel. After receiving some 
feedback from Independent Quality Labs, it became clear that a part with measurable features that would 
provide information about the machine’s positioning accuracy across a wide range of travel would be needed. 
Two more iterations of the test part were designed to address this issue, as shown in Figures 6 and 7.  
 Figure 6 shows the second part design iteration. 
The part featured the same spline curve to test high-
speed contouring accuracy but was made larger (twelve 
inches square) and a series of small square bosses was 
created to provide features that could be measured 
relative to each other as well as to the center bore or 
boss to evaluate positioning accuracy. The intent was to 
use two of these large pieces in the machine at once to 
cover a broad range of the machine’s travel. A 
disadvantage to this design is that the square bosses 
would require a lot of measurement and the linear 
interpolation moves used to machine the bosses could make it difficult to measure exact positioning errors. 
Figure 7 shows a third design that addressed this issue by adding a series of eight bored holes similar to those 
seen in the original ASME test part. This part was 
also larger at twelve inches square and the idea 
was to use two parts side-by-side to cover a 
broad range of the machine’s travel. Since the 
holes were bored, a single-point positioning 
move was needed, which means there was no 
chance of additional error being introduced by 
interpolation moves. This makes it easier to 
evaluate the machine’s exact positioning 
capability. However, a major downside to these 
two designs is that they do not provide good 
interpolation data at various locations in the 
Figure 6. Second Test Part Design 
Figure 7. Third Test Part Design  
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machine’s travel. Additionally, the large size required large and subsequently heavy pieces of material would be 
expensive as well as difficult to handle.  
 The next iteration of the test part design addressed 
these issues by making the features smaller and placing three 
copies of each set of features along a bar. Figure 8 shows the 
fourth design iteration. Three sets of features are located on 
opposite ends of a long bar with one feature in the center. 
The circle and square features as well as the spline curve 
were retained, and four square bosses with bored holes in the 
center were added to provide ample features to evaluate the 
machine’s absolute positioning capability. The bar was 
twenty four inches long and designed to be placed across a 
diagonal on the table of the machine in order to test 
locations at extreme opposites of the machine’s X and Y axis 
travel on the same piece. By using two of the same part, one 
located on each diagonal of the machine table, dynamic contouring information could be acquired at each 
location as well as extensive positioning data across nearly the entire range of the machine’s travel.  
 To make measuring as easy as possible and to allow for the possibility of measuring linear distances 
between the small square bosses, all of the square features were aligned orthogonally to the sides of the bar in the 
final iteration of the test part shown in Figure 9. Since the bar was to be placed across a diagonal in the machine, 
the sides of the large 
square bosses would 
provide information about 
each machine’s two-axis 
linear interpolation 
capability. The 
interpolated bore at the 
center of each feature set 
and the interpolated 
circular boss were 
designed to provide a 
measure of the machine’s 
Figure 8. Fourth Test Part Design 
Figure 9. Final Machining Test Part Design 
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circular interpolation ability at three locations within the machine’s travel range. These interpolated features can 
be influenced by angular errors in the axes involved with the interpolation moves, which can vary depending on 
where in the travel the machine is cutting. The spline curve was designed to provide information about high-
speed contouring ability at the center and the extremes of the machine’s travel. Each boss and bored hole was 
intended to provide additional linear interpolation information as well as absolute positioning data across the 
machine’s travel range. Lastly, rectangular bosses were placed between the features to add thermal stability to the 
part during machining operations, and slots were placed along the sides of the bar for fixturing purposes.  
 The material chosen for the test parts was 6061-T651 aluminum extrusion. Aluminum was chosen for its 
ability to be easily machined and for the low cutting forces and cutter wear involved with machining operations, 
which reduces error caused by cutter deflection or machine tool deflection that could otherwise make it difficult 
to evaluate the machine’s exact positioning and contouring capability. Appendix A.1 contains detailed part 
drawings of the final test part design.   
 
5.1.2 Test Part Machining Setup 
 
Two test parts were machined in each machine. One part was fixtured on a diagonal from the front left 
to the back right (labeled left diagonal) of the machine table and the second part was fixtured on a diagonal from 
the front right to the back left (labeled right diagonal) of the table. An example of one setup is shown in Figure 
10. Six small machine straps were used to 
fixture each part in the machine. Since 
cutting forces were low and vibration was not 
an issue during the machining operations, the 
exact machine strap location and tightening 
torque were not thought to be critical. The 
straps were positioned in nearly the same 
locations in both machines and were all 
tightened by hand.  Appendix A.2 contains 
additional drawings showing the exact 
positioning of each test part on the machine 
table as well as pictures illustrating the 
placement of machine straps used to hold 
each part during machining. 
Figure 10. Test Part Machining Setup 
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The machining was carried out with three different uncoated solid carbide end mills. The roughing end 
mill used was from OSG Tap & Die, Inc. and the other two end mills were from Data Flute CNC. A dedicated 
finish cutter was used for all the finishing operations and a separate aluminum-specific roughing end mill was 
used to plunge bore the twelve 0.500” diameter holes. The cutters were all specifically designed for roughing and 
finishing in aluminum. Due to near-complete absence of easily observable cutter wear, the same three end mills 
were used for all the tests on both machines. This helped to eliminate any variation caused by changing cutters. 
Hangsterfer’s® S-500 coolant was used in both machines during all of the test part machining operations. The 
coolant in both machines was mixed to a concentration of 9.5% and only the programmable coolant line in both 
machining centers was used to deliver coolant to the cutter. Table 1 contains all of the specific information 
regarding each tool and tool holder used for testing.  
 
Table 1. Tooling Used For Machining Test Parts 
 
Tool Manufacturer 
Series/Part 
Number 
Tool Holder Used 
Tool Overhang* 
(inches) 
½” Roughing End 
Mill 
OSG Tap & Die Inc. 
EXOCARB-AERO 
List 2042 0.030”CR 
Kennametal Milling 
Chuck 
CV40BHPMC1000374 
1 9/16 
½” Finish End Mill Date Flute CNC 
AFDH Series 
AFDHST50500 
EDP# 52312 
Rego-Fix® 
Swissline CAT40-
ER32 x 3” 
15/16 
½” Roughing End 
Mill for Bores 
Data Flute CNC 
ALDH Series 
ALDHST30500 
EDP#50506 
Rego-Fix® 
Swissline CAT40-
ER32 x 3” 
1 
* Overhang measured from the collet/reducer to end of end mill 
 
 
5.1.3 Test Part CNC Programming 
 
The CNC programming for the test parts was performed using Surfcam Velocity 3.0.  The program was 
intended to simulate a typical program that a shop would use to machine a part; therefore all of the NC code was 
generated by the CAM software. 
 A roughing operation was used to remove the majority of the material from the parts before finishing. 
Since the floor of the features was not intended to be measured, the roughing pass cut to the final Z depth and 
left 0.007” of material on the walls of each feature for the finishing operation. The finishing operation then 
removed the last 0.007” of material from all of the vertical walls. All of the moves made by the finish cutter were 
either linear interpolation or circular interpolation moves. All of the circular moves were filtered to arcs before 
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posting the NC code. In addition, setting 191 on the Haas control, default smoothness, was set to finish before 
the finishing pass was run. 
 Cutter compensation was used to make any adjustments to the finishing toolpath that were necessary 
because of a variation in the size of the finish cutter from its nominal size. Before the first part was cut, a one-
inch square boss was machined in a scrap piece of material and then measured in order to make any adjustments 
via cutter compensation. For the cutter used, it was found that no further compensation was needed. This 
process was done to simulate a typical first part inspection where a shop would cut a first part, measure it, and 
then make the necessary adjustments to ensure the next part was the proper size.  
The twelve 0.500” diameter bored holes were programmed with a plunge drill cycle in order to replicate 
the typical drilling cycle used to produce actual parts. In this case an end mill was used in order to provide the 
most accurate bore since a boring bar was not available.  
Feed rates and surface speeds for each cutter were set within the manufacturer’s recommended starting 
range. The spline curves were finished at a relatively high feed rate of 225 inches per minute to provide a 
measure of each machine’s high-speed contouring ability. All of the other features were finished at a feed rate of 
80 inches per minutes. Table 2 contains more detailed information about the parameters for each cutting 
operation used to machine the test parts. In addition, Appendix A.3 contains all of the finishing NC code for 
both test parts.  
 
Operation Tool 
Spindle 
Speed 
(RPM) 
Surface 
Speed 
(SFM) 
Feed 
Rate 
(IPM) 
Chip Load 
(inches) 
Axial 
Depth of 
Cut 
(inches) 
Radial 
Depth of 
Cut 
(Inches) 
Roughing 
OSG 
EXOCARB-
AERO 
7500 981.74 135 0.006 0.250 0.250 
Finish 
Splines 
Data Flute 
AFDH 
6112 800 225 0.00736 0 0.007 
Finish Walls 
Data Flute 
AFDH 
6112 800 80 0.00262 0 0.007 
Bore Holes 
Date Flute 
ALDH 
7500 981.74 12 0.0005 N/A N/A 
 
 
 
Table 2. Test Part Cutting Parameters 
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5.1.4 Test Part Measurement 
 
Each machining test part was fully inspected on a Starrett Premis HGDC2018-16 coordinate measuring 
machine (CMM) equipped with a Renishaw TP 20 touch probe. The CMM was in a climate-controlled enclosure 
that helped reduce thermal errors. For each part, the temperature of the enclosure was set to the same 
temperature that the part was cut at and allowed to stabilize before measurements were taken. Before inspecting 
the first part at each new temperature, the touch probe was calibrated using the calibration sphere.  
A steel fixture plate was used to fixture each part in the CMM during measurement. This was done in 
order to minimize errors that could result from slight deformation in the aluminum test part after it was removed 
from the fixturing in the machine tool. The fixture plate, shown in Figure 11, was a one inch thick piece of 1018 
steel that was Blanchard ground 
on both sides and drilled and 
tapped to accept bolts and 
machine straps for fixturing. The 
machine straps were placed in 
the same locations during 
inspection as they were during 
the machining operation.  
The parts were oriented 
along the X axis in the CMM. 
Both parts were oriented so that 
the leftmost set of features 
relative to the operator in the 
CMM fixture corresponded to 
the leftmost set of features 
relative to the operator during machining, regardless of whether the part was machined on the left or the right 
diagonal in the machine tool. This allowed for easy identification of where each feature set was located in the 
machine tool during machining. Each feature was given a label in order to identify it during inspection. Appendix 
A.4 contains a drawing of the machining test part and the labels given to each feature. The CMM was equipped 
with Quadra Chek® 5000 software that was used to write a computer controlled inspection program. Nearly 
every machined feature on each part was inspected with the exception of the end-most small square bosses, as 
the outside face of each was just outside the measuring range of the CMM.  For each feature, a large number of 
inspection points were used in order to obtain accurate feature information. Table 3 contains the number of 
inspection points used to inspect each features. A least-squares-best-fit algorithm was used to fit the appropriate 
geometric shape to each set of measured points and calculate appropriate form tolerances.   
Figure 11. Test Part Inspection Fixturing 
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Table 3. Quantity of Points Used to Inspect Test Part Features 
 
Features Inspected Number of Points Used 
Interpolated Bores 100 
Arcs 60 
Circular Bosses 100 
Square Boss Sides 60 
Bored Holes 10 
Small Boss Sides 20 
 
In addition to measuring each feature and examining form tolerances such as linearity and circularity, 
distances and angular errors were also measured with the CMM program. Angular errors were measured between 
each of the four sides of the large square bosses in each set of features. Distances between numerous bored holes 
and between the parallel sides of some of the square bosses across the part were also measured. Appendix A.4 
contains a detailed list of the measurements taken by the CMM software and a description of each.  
The total run time of the inspection program was roughly three hours. After the program had finished, 
all the collected data were exported to Microsoft Excel spreadsheets for analysis.  
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5.2 Chatter Limit Testing 
 
The second of the two machining tests was designed to evaluate the dynamic stiffness and damping 
ability of each machine. These factors dictate how large of a cut can be made with a specific cutter in a specific 
material before chatter occurs, which subsequently limits the overall material removal rate of a cutting operation.  
 
5.2.1 Chatter Limit Test Design and Setup 
 
The chatter limit test used was based on the chatter limit test outlined by the ASME B5.54-2005 
standards. A 2” diameter carbide-insert end mill was used (more regarding cutter selection in section 5.2.2) and 
the test material was 1018 steel. The test material was donated by Trident Machine Tools, LLC. Detailed 
drawings of the exact pieces used 
can be found in Appendix A.5. The 
end mill was run at a constant 1509 
RPM, fixed chip load of 0.006 inches 
per tooth, and constant radial 
immersion while the axial depths of 
cut were incrementally increased 
until chatter occurred. Two different 
radial immersions were tested, a full 
slot and 50% immersion. The 50% 
immersion cuts were performed 
both climb milling and conventional 
milling. The axial depth increments were calculated from the tables of the ASME B5.54 standards and were 
determined to be 0.075” for the 50% immersion cuts and 0.0375” for the full slot. The basic test procedure is 
shown in Figure 12. For each radial immersion, a cut at the first axial depth increment was made by feeding into 
the test part 1.5” and then backing out. If chatter did not occur, another cut was made at the next incremental 
axial depth of cut and the tool was fed forward another inch into the test material. This process was repeated 
until chatter occurred. Once a depth was reached where chatter occurred, the previous stable depth of cut was 
returned to and the axial depth was increased in smaller increments of 0.010” in order to better resolve the axial 
depth where chatter first occurred. The axial depth of cut where chatter first occurred was then recorded in a 
spreadsheet. The test was performed in both the X and Y directions in the machine tool. During the tests chatter 
was detected by the characteristic sound. As soon as chatter was detected, the machine was stopped so as to 
avoid any unnecessary wear or damage. Unless excess insert wear was observed, the inserts were replaced or 
Figure 12. Chatter Limit Test Procedure 
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indexed to provide a fresh, unused cutting edge before performing each test (one test was considered to be all 
three machining operations in either the X or Y direction). 
The test pieces were bolted directly to the table using four machine straps. The straps were each 
tightened with a torque wrench to 60 ft*lbs and their positions were recorded. Appendix A.6 contains detailed 
drawings and pictures of the fixturing setup. For each test the material was positioned in the center of the table 
and subsequently the center of the machine’s travel on the axis being tested. This setup provided maximum 
stiffness which was important to ensure that the machine’s dynamic stiffness was the limiting factor in the onset 
of chatter.  
A single-axis MEMS accelerometer unit was used to gather vibration data from each test cut. The 
accelerometer and accompanying software used were made by IFM Efector Inc. The sensor and software are 
marketed as a kit that can be used for vibration analysis. The kit is intended to be used for diagnosing and 
monitoring bearings in rotating equipment, such as spindle bearings in a machine tool. The accelerometer 
housing has a screw-on magnetic base that facilitated it being mounted directly on the side of the spindle for the 
test cuts. The unit was positioned so that the bottom of the case was 0.75” above the bottom of the spindle 
housing for each test. For the X-direction tests, the accelerometer was positioned on the right side of the spindle 
so its sensing direction was inline with the direction of the cut. For the Y direction test the accelerometer was 
mounted on the front of the spindle housing, again inline with the direction of the cut. Appendix A.7 contains 
pictures of this setup for both test directions. During the test the software recorded live data from the 
accelerometer and processed it using fast Fourier transform analysis to provide information about g load and 
displacement in the frequency domain. The sensor and software were set to monitor frequencies between 500Hz 
and 1500Hz since the chatter frequency was determined to be within this range by making a short series of test 
cuts before the actual tests were performed.  
For machining, a short program was written in Surfcam Velocity 3.0 to perform the test. Linear feed 
moves were used to make the cuts and retract the cutter back and up away from the material so as to avoid 
dragging it across the machined surfaces. Between each cut an optional stop was inserted to allow for data 
collection and recording of the maximum spindle load obtained during the cut in a spreadsheet. Appendix A.8 
contains the full program NC code for the chatter test for further reference. No coolant or air blasts were used 
during any of the test cuts.  
 
5.2.2 Chatter Limit Test Cutting Tool Selection 
 
The cutter used for the chatter limit tests was selected for optimum performance in the tests. The cutter 
needed to be stiff enough so as not to become unstable and cause chatter before the dynamic stability limits of 
the machine were reached. It also needed to be long enough to reach within an inch of the machine table when 
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the Z axis was at its lowest limit in order to maximize the available material for testing. Since the spindle nose-to-
table distance in a VF-2 vertical machining center is four inches, the cutter and adapter setup needed to be 
between three and four inches; any longer would have been unnecessary. Having a cutter any longer than needed 
could have potentially led to spindle separation issues during heavy cuts. Spindle separation occurs when a cutter 
and tapered adapter actually separate from the taper in the machine spindle. Separation can occur because of 
improper fit between the two tapers, insufficient drawbar power, or because an excessively long cutter is used, 
which can create a large moment arm between the cutting action and the spindle taper during machining. Spindle 
separation would have been detrimental to the test since it would have inhibited the tests from reaching the 
machine stability limits. Lastly, the cutter needed to have a zero degree lead angle in order to maintain similar 
cutting conditions and equal chip thickness as the depth of cut was increased.  
With the help of Michael Gibney of Kennametal Inc. a Kennametal KSSP helical 90° end mill (Part# 
KSSP200R3SD43L125) was chosen for the test cuts. The cutter, shown in Figure 13, is a three flute design with 
four half inch square carbide inserts on each flute. The inserts overlap, 
yielding a maximum cutting depth of 1.69”. The cutter has the 
necessary zero degree lead angle for the test and features an extremely 
rigid body to ensure maximum stiffness. Combined with a 
Kennametal shell mill adapter (Part#CV40SM075138), the overall 
gauge length of the setup was 3.625 inches, which was perfect for the 
test.  
In addition to the cutter, the inserts for the test were also 
specifically chosen. The inserts chosen were Kennametal Kc935M 
grade inserts (Part# SDET43PDER8GB2). This grade features a 
carbide substrate that is first coated with titanium nitride, then 
titanium carbonitride, and finally aluminum oxide. This combination 
yields excellent performance in steels, particularly in dry applications. 
Lastly, the inserts were chosen to have a honed cutting edge. This 
edge preparation provided a tougher edge that was less susceptible to 
chipping and notching, both of which can be problematic in heavy 
milling applications. With these inserts, a surface speed of 790sfm was 
chosen (1509RPM) based on Kennametal’s guidelines.  
The cutter and inserts were donated for the duration of the 
test by Michael Gibney of Kennametal, Inc.  
 
Figure 13. Chatter Limit Test Cutter 
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6 Results and Analysis 
 
6.1 Machining Test Part Results 
 
The majority of the measurements taken by the CMM on each of the test parts were not able to detect 
differences between the positioning and curve-following capabilities of the two machining centers. This is due to 
numerous errors in both the machining of the test parts and the measurements. Figure 14 shows an outline of 
the errors that influenced the results.  
 
Figure 14. Outline of Errors Present in Accuracy Testing 
  
One of the largest sources of error that affected the measurements was the coordinate measuring 
machine itself. Based on the specifications from Starrett, the machine actually had less positioning accuracy in the 
X and Y directions than the supertuned VF-2 that was tested. The average positioning accuracy of the CMM in 
the X and Y directions was specified as 0.00015 inches. Based on the data collected by IQL with laser 
interferometers, the average positioning accuracy of the supertuned VF-2 in the X and Y directions was 0.00012 
inches. Haas reports that a standard VF-2 has an average linear positioning accuracy of 0.0002”. Even if there 
were no additional errors involved in measurement, the CMM still would not have been capable of evaluating the 
small differences in the test parts. The typical rule-of-thumb is to measure with at least four times the accuracy of 
the desired measurement. Given the accuracy of the supertuned machine, a CMM capable of positioning to at 
least 0.00003 inches would be needed. The Starrett CMM was not an appropriate measuring tool for the test 
parts.  
In addition, the performance specifications of the CMM are given at a specific temperature, but in order 
to measure the test parts at the same temperature at which they were cut, the temperature in the enclosure was 
varied by a total of six degrees Fahrenheit. These temperature variations may have had a negative effect on the 
measurement capability of the CMM. The CMM also had not recently undergone any type of performance 
Overall Accuracy Testing Error 
Machine Tool Errors 
 Temperature 
 Tooling (wear and run out) 
 Fixturing 
Measurement Errors 
 CMM Performance Capability 
 Temperature 
 Fixturing 
 Probe Error 
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evaluation and its maintenance history was unknown so it was possible it was not performing at its best. Finally, 
errors resulting from the probe unit itself could have affected the measurements.   
There were also process repeatability errors in the machining operations that could have affected the test 
parts. Errors caused by tool offsets or cutter compensation settings could have led to differences in the test parts 
that were not the result of the machine tools’ positioning capabilities. Despite the fact that the finishing end mill 
was not removed from the holder between machining on both machines, errors could have been introduced as a 
result of how the taper of the tool holder was seated in each spindle and even cutter wear. The test square boss 
used to set the cutter compensation values was only machined in the standard machine. Since the cutter was not 
removed from the holder and it was thought that cutter wear was negligible, another test boss was not cut in the 
supertuned machine. Cutting another test boss, measuring it, and adjusting the cutter compensation 
appropriately might have helped to identify excess run out or tool wear with the finishing cutter in the 
supertuned machine. However, since the Haas controller can only apply compensation values in increments of 
0.0001 inches, it is possible that not all of the error resulting from the finishing cutter could have been 
eliminated.  
The bored holes were not able to return good information about the machine’s positioning. The holes 
had an average circularity error of 0.0005”, and the distances between them had errors as large as 0.0015”. 
Knowing that positioning errors of each machine tool would be on the order or 0.0001” or less, these errors 
were far too large to draw conclusions about the machine tool’s positioning capability. The error in the bored 
holes was the result of a number of possible factors including run out in the boring tool, chip evacuation during 
the plunge boring cycle, CMM positioning error, and directional errors from the touch probe 
The steel fixture plate used to fixture the test parts in the CMM for measurement also introduced some 
error in the measurements. Despite being Blanchard ground, the plate still had a slight twist resulting in a flatness 
error of roughly 0.004”. The tolerance for flatness on a VF-2 table is 0.001” over the total X travel and 0.001 
inches over the total Y travel, thus the fixture plate should ideally have been within that range, and with a flatness 
error of 0.004” it was not. After the test parts were machined and removed from the fixturing in the machine 
tool, both ends of the part curved up 0.003” to 0.004”, thus using the steel fixture plate improved the flatness of 
the test parts but was not able to replicate the exact flatness of the machine tool’s table.   
The errors resulting from the positioning capabilities of the CMM and process repeatability of the 
machining operations made it impossible to quantify each machine tool’s curve following ability. However, it was 
observed that on all of the test parts, regardless of which machine they were cut on, the spline curves had an 
unusually rough, scalloped surface finish. This was likely caused by setting the finishing passes at a faster rate 
than that at which the servos/encoders were still capable of maintaining a smooth curve. Due to the complexity 
of the part, surface roughness data could not be collected with the profilometers available at Worcester 
Polytechnic Institute and as such any differences could not be quantified. Based on visual observation alone all 
of the parts looked the same, but this was not enough to draw conclusions about any differences in the curve-
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following ability of each machine. This surface finish would have introduced an additional source of error, 
making it difficult to acquire accurate data from the spline curves even with a more accurate CMM. Furthermore, 
a scanning-type CMM would be best-suited for inspecting this type of feature since it would collect far more data 
points much faster than a touch-trigger type CMM. It should be noted that servo acceleration and encoder 
resolution typically have the largest effect on a machine’s ability to follow curves and since the IQL supertune 
did not make any changes to the machine in either of those areas, a large improvement in curve-following ability 
would not be expected. 
Despite all of the errors involved with machining and measurement of the test parts some useful 
positioning data were extracted from all of the measurements. By comparing deviations from nominal size in the 
distance between corresponding faces of six of the square bosses with the largest distance between them, errors 
resulting from backlash in the CMM, directional probing error, and tool offset/cutter compensation are 
effectively removed. Table 4 shows the comparison of these data compared on a parts-per-million basis. Parts-
per-million error is calculated by dividing the error by the distance over which it occurs (nominal dimension). 
Comparing errors on a parts-per-million basis simplifies the process of comparing machine tools of various sizes. 
In this case both machines were the same size so comparison on a parts-per-million basis was not necessary, but 
it provides a representation of the error in numbers that are easy to quickly compare.  
 
Table 4. Test Part Positioning Comparison in Parts-Per- Million 
Distance Standard VF-2 
Left Error (PPM) 
Standard VF-2 
Right Error (PPM) 
Supertuned VF-2 
Left Error (PPM) 
Supertuned VF-2 
Right Error (PPM) 
Boss 1L to 3L* 14 16.1 6.3 7.7 
Boss 1R to 3R 11.9 18.2 7 9.8 
Boss 6L to 12L 20.7 2 9.9 10.8 
Boss 6R to 12R 16.7 7.9 18.7 10.8 
Boss 7L to 13L 23.6 18.7 3.9 12.8 
Boss 7R to 13R 21.7 13.8 5.9 17.7 
          
Mean 18.1 12.7 8.6 11.6 
          
Overall Mean 15.5 10.1 
* L and R refer to the left and right side of each boss as viewed from above. See also Appendix A.4 
 
As shown in Table 4, the supertuned machine shows a 35% improvement in positioning accuracy in the 
XY plane. It should be noted that the measurements used to calculate this improvement include error introduced 
by the machine tools linear interpolation ability since each face was machined on a diagonal in the machine tool. 
This improvement corresponds with the improvements that were expected based on laser diagonal 
measurements of both machines. Figure 15 and Figure 16 show the results of laser diagonal measurements of 
both the standard VF-2 tested, and the supertuned machine.  
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Figure 15. Standard VF-2 Laser Diagonal Measurement Results 
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Figure 16. Supertuned VF-2 Laser Diagonal Measurement Results 
 
These measurements were made by Justin Lebel, IQL’s Mechanical Technologist, using a Renishaw laser 
system. The plots of the results shown in Figures 15 and 16 were generated by IQL’s proprietary Locus® 
software. The shaded region created by the red dashed lines shows a perfect machine. The lines inside the shaded 
box show the laser diagonal measurements taken on each machine diagonal. The supertuned VF-2 is much closer 
to the perfect machine than the standard VF-2. These laser diagonal measurements are a good measure of each 
machine’s total volumetric accuracy throughout its entire work volume. Angular errors and linear displacement 
errors both affect the machine tools ability to position within its work volume and the laser diagonal 
measurements are the results of the effects of these errors on the machine’s accuracy. The ISO 230-2 1997 
standards specify that the worst of the four diagonals be used to specify a machines total volumetric accuracy. 
Using this approach, the supertuned machine shows a 60% improvement in volumetric accuracy compared to 
the standard machine. Since this improvement is over the entire volume of the machine and the test part only 
evaluated the machine at one level in the XY plane of travel, the 35% improvement seen in the test parts appears 
reasonable.  
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6.2 Chatter Limit Test Results 
 
The results of the chatter limit test show a substantial difference between each machine’s ability to damp 
vibrations from machining operations. The initial results in the form of maximum depth of cut achieved before 
chatter occurred are shown in Table 5.  
 
Table 5. Chatter Limit Test Results 
 
Machine and cutting operation 
Depth at which chatter was 
first detected (inches) 
Standard VF-2   
Slotting X Direction 0.1875 
Climb Milling X Direction 0.295 
Conventional Milling X Direction.  0.45 
Slotting Y Direction 0.16 
Climb Milling Y Direction >0.75 
Conventional Milling Y Direction N/A 
Supertuned  VF-2   
Slotting X Direction 0.275 
Climb Milling X Direction 0.535 
Conventional Milling X Direction.  >0.525, Torque Limited 
Slotting Y Direction 0.2625 
Climb Milling Y Direction >0.75 
Conventional Milling Y Direction N/A 
 
Comparing the same cutting operation on both machines shows a substantial difference in the depths of 
cut achieved before chatter. On the standard machine, chatter limits were found in all three cutting operations in 
the X direction. In the Y direction, only the chatter limit for the slotting operation was found. The chatter limit 
for the climb milling operation in the Y direction was not found because the test material was not large enough 
to accommodate a deep enough depth of cut. The chatter limit for the conventional milling operation in the Y 
direction was not found due to bad chip evacuation issues which caused rapid cutter insert wear.  
In the supertuned machine, only three of the six chatter limits were identified. During conventional 
milling in the X direction the maximum available torque produced by the spindle was reached before chatter was 
achieved. For the safety of the machine tool, this limit was assumed to be around 180% spindle load as recorded 
by the machine controller. Once a depth of cut was reached where the spindle load was roughly 180%, no 
further depths of cut were tested and the chatter limit was not determined. In the Y direction it was determined 
from the results acquired on the standard machine that the chatter limit could not be found because test material 
was not thick enough, so only a few depths of cut were tested in order to collect data from the accelerometer. 
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Since the conventional milling operation in the Y direction proved problematic in the standard machine, it was 
omitted from the testing procedure in the supertuned machine.  
By comparing the chatter limits for the same cutting operation performed in both the X and Y direction 
on the same machine tool, insight into whether or not the machine tool was the limiting factor in chatter can be 
attained. Most modern vertical machining centers are designed with the X-axis being longer than the Y-axis, i.e. 
the machines are wider than they are deep, at least in terms of table travel. Because the Y-axis is shorter, the 
guide rails are subsequently shorter, which increases stiffness and improves the machine’s ability to damp 
vibrations in the Y direction. This should lead to stable depths of cut that are deeper in the Y direction than in 
the X direction. The chatter limits from the climb milling operations on both machines support this theory. The 
slotting operations however do not follow the same trend; the chatter limits are slightly lower in the Y direction 
than in the X direction. This could be due to the nature of the machining operation when the cutter is fully 
engaged in material. However, the difference between the chatter limits of the slotting operation performed in 
the standard machine and the supertuned machine was substantial. Since the cutter and the spindle used were the 
same, it is unlikely that tool chatter or spindle separation accounted for these differences. Since the main 
difference between the two machines that would affect each machine’s damping ability was the anchoring system 
used on the supertuned machine it can be assumed that the dynamic stiffness of each machine tool was the 
limiting factor in the chatter tests.  
Comparing the maximum material removal rates during stable cutting operations for both machining 
centers provides an effective method of quantifying the improvement in damping ability of the supertuned 
machine. A machine that can damp vibrations better will provide increased material removal rates which are 
important for reducing cycle times during heavy roughing operations. Figure 17 and Figure 18 show the 
maximum stable material removal rates in the X direction and Y direction respectively. In the X direction, only 
the slotting and climb milling could be compared due to the spindle torque limitations on the supertuned 
machine. In the Y direction, only slotting was compared due to the lack of material and insert wear issues 
discussed earlier.  
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Figure 17. X Direction Maximum Material Removal Rates 
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Figure 18. Y Direction Slotting Maximum Material Removal Rates  
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The drastic improvement in material removal rates on the supertuned machine becomes apparent from 
Figure 17 and Figure 18. In the X direction, the supertuned machine improved material removal rates by an 
average of 52%. In the Y direction, the supertuned machine improved material removal rates by 72%.  
In addition to much higher material removal rates without chatter, the data recorded from the 
accelerometer during each cut provides information about the dynamic stiffness and vibration at each cutting 
depth. Due to the small vibration displacements and the limitations of the sensor and software, vibration 
displacement data did not provide an accurate measure of the vibration for each depth of cut. However, the 
sensor and software were able to provide information about peak acceleration loads and the frequency of 
vibrations during cutting.  
During the same cutting operations, the frequency at which chatter was recorded was higher in the 
supertuned machine than it was in the standard machine. On average, the chatter frequency was roughly 100Hz 
higher in the supertuned machine.  Since chatter occurs at a frequency that is close to the natural frequency of 
the system, which in this case is the structure of the machine tool, it can be assumed that the natural frequency of 
the supertuned machine is higher than the natural frequency of the standard machine (ASME B5.54-2005, 2005). 
Natural frequency of a mechanical structure can be calculated from the equation: ω2 = k/m, where k is the 
equivalent stiffness and m is the mass of the system. In the case of the two VF-2 machining centers, the mass of 
both was the same, thus the only factor affecting the machines’ natural frequency was stiffness. Therefore, it can 
be assumed that by anchoring the supertuned machine tool to the floor beneath it, the dynamic stiffness of the 
structure is increased.  
The peak acceleration values recorded by the accelerometer during machining at each depth of cut were 
also examined in order to understand how each machine performed during stable cutting operations. For each 
machining operation, a plot was made relating the peak recorded acceleration value to the depth of cut. Figures 
19, 20, 21, 22, and 23 show these plots.  
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Figure 19. X Direction Slotting Peak Acceleration Measurements 
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Figure 20. X Direction Climb Milling Peak Acceleration Measurements  
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Figure 21. X Direction Conventional Milling Peak Acceleration Measurements 
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Figure 22. Y Direction Slotting Peak Acceleration Measurements 
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Figure 23. Y Direction Climb Milling Peak Acceleration Measurements 
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The accelerometer and software were only capable of recording average accelerations every second and 
the cutter was only engaged in the material for two seconds. Acceleration spikes resulting from the cutter 
entering and exiting the material could not be considered, leaving only a small window to gather accurate data 
during the cutting operation. For this reason it is likely that some of the recorded values are not entirely 
representative, which accounts for the large variations seen in some of the plots. Nonetheless, it can be observed 
that the recorded acceleration values for the cutting operations performed on the supertuned machine are lower 
than the values recorded on the standard machine, with the exception of the Y direction slotting operation 
shown in Figure 22. These results point towards an unidentified variable affecting the acceleration results for the 
chatter limit test in that direction. Some possible explanations could be variations in the material, chip evacuation 
issues, variations in size or shape of one of the cutting inserts in the cutter, or a problem/inaccuracy in the 
sensor.  
Reduced vibration during the stable machining operations provides benefits in addition to increased 
material removal rates. It is widely known that vibration has negative effects on tool life and that by reducing 
vibrations, tool life can be improved. In addition, excess vibration can negatively affect surface finish due to 
slight movements of the cutter with respect to the work piece.    
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7 Conclusions and Recommendations 
 
The results of the machining test parts show that there are too many errors involved with machining and 
measurement of test parts for this to be an appropriate way to measure the positioning error of a machine tool. 
For accurate quantification of a machining center’s positioning ability, it is recommended that laser 
interferometers be used. Modern lasers are extremely accurate and allow for direct measurement of positioning 
accuracy, eliminating errors introduced with the test parts and machining operations.  However, if the 
repeatability errors involved with machining are controlled and a measurement tool with the necessary accuracy 
is used, test parts could provide an accurate comparison of differences between two or more machine tools. If a 
more accurate CMM had been available, more useful and accurate data could have been acquired from the 
machining test parts. Despite the limitations of the CMM, the data gathered showed that the supertuned machine 
positions more accurately than the standard machine. 
 Due to the error introduced by the measurement process and machining, no conclusions could be made 
regarding any differences in curve-following ability of the two machines.  
It is recommended that more than one test part be machined on each diagonal in each machine for 
statistical purposes. For this project only one test part was machined on each diagonal due to budget constraints 
from Worcester Polytechnic Institute. Since the measured improvement in positioning accuracy was calculated 
from an average of twelve measurements, it was presumed that the measured improvements were still 
representative. 
The results of the chatter limit test showed that the anchoring process used in the supertune significantly 
increased the dynamic stiffness and damping ability of the Haas VF-2. The test provided an excellent measure of 
the differences between the two machines in an actual cutting operation, as it fully loaded the machine’s 
structural loop just as a normal machining operation would. This loading is where the hammer test used to derive 
stability lobe diagrams falls short. That type of test provides information about the harmonics of the machine 
with a given cutter setup, but since the information is gathered when all of the machine components are 
unloaded, changes in the machine’s performance due to stresses and strains placed on the machine’s components 
are not considered. 
The data gathered by the accelerometer supported the chatter limit test results by showing improved 
stability in the machine during cuts where chatter was not detected. A two-axis MEMS accelerometer capable of 
recording data at shorter time intervals would have been more appropriate to use during the chatter limit test. 
This would have allowed for monitoring of vibrations orthogonal to the cut direction and would have improved 
the chances of getting an accurate accelerometer reading during the cutting operation. 
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    Overall, based on the results of the two machining tests, the supertune procedure developed by 
Independent Quality Labs significantly improved the performance of a Haas VF-2 vertical machining center in 
the areas of damping and positioning accuracy.  
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Appendix A: Methodology Documents 
A.1: Machining Test Part Drawings 
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A.2: Test Part Setup Drawings and Pictures 
 
 47 
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Machine Strap Location for Setup 1: 
 
 
Machine Strap Location for Setup 2: 
 
 
A.3: Test Part Finishing NC Code.
 
NC code for setup 1 finishing operations: 
 
(FINISH BORES)  
G187 P3 E0.025 
T2 M6  
G0 G90 G54 X-6.0896 Y-3.6337 
S6112 M3  
G43 Z1. H2 M8  
G0 Z0.1  
G1 Z0 F60.  
Y-3.5712 Z-0.125  
Y-3.6337  
Y-3.5712 Z-0.25  
Y-3.6025  
G41 X-6.0771 Y-3.6241 F80. D2  
G3 X-6.0405 Y-3.4875 I-0.05 
J0.0866 F60.  
X-6.3003 Y-3.6375 I-0.1299 J-
0.075 F80.  
X-6.0405 Y-3.4875 I0.1299 
J0.075  
X-6.1088 Y-3.4692 I-0.0433 J-
0.025 F60.  
G1 G40 X-6.0963 Y-3.4908  
G0 Z1.  
X-0.0808 Y0.0087  
Z0.1  
G1 Z0  
Y0.0712 Z-0.125  
Y0.0087  
Y0.0712 Z-0.25  
Y0.04  
G41 X-0.0933 Y0.0616 F80. D2  
G3 X-0.1299 Y-0.075 I0.05 J-
0.0866 F60.  
X0.1299 Y0.075 I0.1299 J0.075 
F80.  
X-0.1299 Y-0.075 I-0.1299 J-
0.075  
X-0.0616 Y-0.0933 I0.0433 
J0.025 F60.  
G1 G40 X-0.0741 Y-0.0717  
G0 Z1.  
X6.0896 Y3.5712  
Z0.1  
G1 Z0  
Y3.6337 Z-0.125  
Y3.5712  
Y3.6337 Z-0.25  
Y3.6025  
G41 X6.0771 Y3.6241 F80. D2  
G3 X6.0405 Y3.4875 I0.05 J-
0.0866 F60.  
X6.3003 Y3.6375 I0.1299 J0.075 
F80.  
X6.0405 Y3.4875 I-0.1299 J-
0.075  
X6.1088 Y3.4692 I0.0433 J0.025 
F60.  
G1 G40 X6.0963 Y3.4908  
G0 Z1.  
(FINISH SPLINES)  
X-5.9953 Y-4.5745  
Z0.1  
G1 Z0 F50.  
Y-4.512 Z-0.0625  
Y-4.5745  
Y-4.512 Z-0.125  
Y-4.5745  
Y-4.512 Z-0.1875  
Y-4.5745  
Y-4.512 Z-0.25  
Y-4.5432  
G41 X-5.9828 Y-4.5216 F225. D2  
G3 X-6.0511 Y-4.5399 I-0.025 J-
0.0433 F50.  
G2 X-6.7695 Y-4.2601 I-0.3378 
J0.1948 F225.  
G3 X-7.0741 Y-3.7326 I-0.4392 
J0.0981  
G2 X-6.9574 Y-2.9704 I0.1167 
J0.3722  
G3 X-6.2898 Y-2.5851 I0.0006 
J0.77  
G2 X-5.5713 Y-2.8649 I0.3379 J-
0.1948  
G3 X-5.2668 Y-3.3924 I0.4392 J-
0.0981  
G2 X-5.3837 Y-4.1546 I-0.1167 J-
0.3722  
G3 X-6.0511 Y-4.5399 I-0.0003 J-
0.77  
X-6.0327 Y-4.6082 I0.0433 J-
0.025 F50.  
G1 G40 X-6.0202 Y-4.5865  
G0 Z1.  
X-0.8948 Y-0.2565  
Z0.1  
G1 Z0  
Y-0.194 Z-0.0625  
Y-0.2565  
Y-0.194 Z-0.125  
Y-0.2565  
Y-0.194 Z-0.1875  
Y-0.2565  
Y-0.194 Z-0.25  
Y-0.2253  
G41 X-0.8709 Y-0.2327 F225. D2  
G3 X-0.9037 Y-0.1701 I-0.0477 
J0.0149 F50.  
G2 X-0.787 Y0.5921 I0.1167 
J0.3722 F225.  
G3 X-0.1194 Y0.9774 I0.0006 
J0.77  
G2 X0.5991 Y0.6976 I0.3379 J-
0.1948  
G3 X0.9037 Y0.1701 I0.4392 J-
0.0981  
G2 X0.7868 Y-0.5921 I-0.1167 J-
0.3722  
G3 X0.1194 Y-0.9774 I-0.0004 J-
0.77  
G2 X-0.5991 Y-0.6976 I-0.3379 
J0.1948  
G3 X-0.9037 Y-0.1701 I-0.4392 
J0.0981  
X-0.9663 Y-0.2028 I-0.0149 J-
0.0477 F50.  
G1 G40 X-0.9425 Y-0.2103  
G0 Z1.  
X6.9822 Y2.8892  
Z0.1  
G1 Z0  
Y2.9517 Z-0.0625  
Y2.8892  
Y2.9517 Z-0.125  
Y2.8892  
Y2.9517 Z-0.1875  
Y2.8892  
Y2.9517 Z-0.25  
Y2.9204  
G41 X7.0072 F225. D2  
G3 X6.9572 Y2.9704 I-0.05 J0 
F50.  
X6.2898 Y2.5851 I-0.0004 J-0.77 
F225.  
G2 X5.5713 Y2.8649 I-0.3379 
J0.1948  
G3 X5.2668 Y3.3924 I-0.4392 
J0.0981  
G2 X5.3835 Y4.1546 I0.1167 
J0.3722  
G3 X6.0511 Y4.5399 I0.0005 
J0.77  
G2 X6.7695 Y4.2601 I0.3378 J-
0.1948  
G3 X7.0741 Y3.7326 I0.4392 J-
0.0981  
G2 X6.9572 Y2.9704 I-0.1167 J-
0.3722  
G3 X6.9072 Y2.9205 I0 J-0.05 
F50.  
G1 G40 X6.9322 Y2.9204  
G0 Z1.  
(FINISH CIRCLES)  
X5.0163 Y2.8365  
Z-0.15  
 50 
G1 Z-0.25 F60.  
Y2.8865 Z-0.375  
Y2.8365  
Y2.8865 Z-0.5  
Y2.8615  
G41 X5.0263 Y2.8442 F80. D2  
G3 X5.0446 Y2.9125 I-0.025 
J0.0433 F60.  
G2 X7.2963 Y4.2125 I1.1258 
J0.65 F80.  
X5.0446 Y2.9125 I-1.1259 J-0.65  
G3 X4.9763 Y2.9308 I-0.0433 J-
0.025 F60.  
G1 G40 X4.9863 Y2.9135  
G0 Z1.  
X-1.1541 Y-0.726  
Z-0.15  
G1 Z-0.25  
Y-0.676 Z-0.375  
Y-0.726  
Y-0.676 Z-0.5  
Y-0.701  
G41 X-1.1441 Y-0.7183 F80. D2  
G3 X-1.1258 Y-0.65 I-0.025 
J0.0433 F60.  
G2 X1.1258 Y0.65 I1.1258 J0.65 
F80.  
X-1.1258 Y-0.65 I-1.1258 J-0.65  
G3 X-1.1941 Y-0.6317 I-0.0433 J-
0.025 F60.  
G1 G40 X-1.1841 Y-0.649  
G0 Z1.  
X-7.3246 Y-4.2885  
Z-0.15  
G1 Z-0.25  
Y-4.2385 Z-0.375  
Y-4.2885  
Y-4.2385 Z-0.5  
Y-4.2635  
G41 X-7.3146 Y-4.2808 F80. D2  
G3 X-7.2963 Y-4.2125 I-0.025 
J0.0433 F60.  
G2 X-5.0446 Y-2.9125 I1.1259 
J0.65 F80.  
X-7.2963 Y-4.2125 I-1.1258 J-
0.65  
G3 X-7.3646 Y-4.1942 I-0.0433 J-
0.025 F60.  
G1 G40 X-7.3546 Y-4.2115  
G0 Z1.  
(FINISH SQUARES)  
X7.0767 Y4.6941  
Z-0.4  
G1 Z-0.5  
Y4.7441 Z-0.55  
Y4.6941  
Y4.7441 Z-0.6  
Y4.6941  
Y4.7441 Z-0.65  
Y4.6941  
Y4.7441 Z-0.7  
Y4.6941  
Y4.7441 Z-0.75  
Y4.7191  
G41 X7.1008 Y4.7126 F80. D2  
G1 X7.117 Y4.773 F60.  
X6.7308 Y5.4419 F80.  
G2 X6.8141 Y5.7528 I0.2277 
J0.1056  
G1 X7.5024 Y6.1502  
G2 X7.8134 Y6.0669 I0.1056 J-
0.2277  
G1 X8.2107 Y5.3786  
G2 X8.1274 Y5.0676 I-0.2277 J-
0.1056  
G1 X7.4391 Y4.6703  
G2 X7.1282 Y4.7536 I-0.1056 
J0.2277  
G1 X7.117 Y4.773  
X7.0566 Y4.7891 F60.  
G40 X7.0502 Y4.765  
G1 X7.7296 Y4.1589 F80.  
G41 X7.7232 Y4.1347 D2  
G1 X7.7835 Y4.1185 F60.  
X8.4524 Y4.5047 F80.  
G2 X8.7634 Y4.4214 I0.1056 J-
0.2277  
G1 X9.1607 Y3.7331  
G2 X9.0774 Y3.4222 I-0.2277 J-
0.1056  
G1 X8.3891 Y3.0248  
G2 X8.0782 Y3.1081 I-0.1056 
J0.2277  
G1 X7.6808 Y3.7964  
G2 X7.7641 Y4.1074 I0.2277 
J0.1056  
G1 X7.7835 Y4.1185  
X7.7997 Y4.1789 F60.  
G40 X7.7756 Y4.1854  
G0 Z1.  
X7.852 Y2.878  
Z-0.4  
G1 Z-0.5  
Y2.928 Z-0.55  
Y2.878  
Y2.928 Z-0.6  
Y2.878  
Y2.928 Z-0.65  
Y2.878  
Y2.928 Z-0.7  
Y2.878  
Y2.928 Z-0.75  
Y2.903  
G41 X7.8584 Y2.9272 F80. D2  
G1 X7.7981 Y2.9434 F60.  
X5.8734 Y1.8322 F80.  
G2 X5.5625 Y1.9155 I-0.1056 
J0.2277  
G1 X4.4401 Y3.8595  
G2 X4.5234 Y4.1704 I0.2277 
J0.1056  
G1 X6.4674 Y5.2928  
G2 X6.7784 Y5.2095 I0.1057 J-
0.2277  
G1 X7.9008 Y3.2655  
G2 X7.8174 Y2.9546 I-0.2277 J-
0.1056  
G1 X7.7981 Y2.9434  
X7.7819 Y2.883 F60.  
G40 X7.806 Y2.8765  
G0 Z1.  
X5.2642 Y2.3809  
Z-0.4  
G1 Z-0.5  
Y2.4309 Z-0.55  
Y2.3809  
Y2.4309 Z-0.6  
Y2.3809  
Y2.4309 Z-0.65  
Y2.3809  
Y2.4309 Z-0.7  
Y2.3809  
Y2.4309 Z-0.75  
Y2.4059  
G41 X5.24 Y2.4124 F80. D2  
G1 X5.2238 Y2.352 F60.  
X5.61 Y1.6831 F80.  
G2 X5.5267 Y1.3722 I-0.2277 J-
0.1056  
G1 X4.8384 Y0.9748  
G2 X4.5275 Y1.0581 I-0.1056 
J0.2277  
G1 X4.1301 Y1.7464  
G2 X4.2134 Y2.0574 I0.2277 
J0.1056  
G1 X4.9017 Y2.4547  
G2 X5.2127 Y2.3714 I0.1056 J-
0.2277  
G1 X5.2238 Y2.352  
X5.2842 Y2.3359 F60.  
G40 X5.2907 Y2.36  
G1 X4.6112 Y2.9661 F80.  
G41 X4.6177 Y2.9903 D2  
G1 X4.5573 Y3.0065 F60.  
X3.8884 Y2.6203 F80.  
G2 X3.5775 Y2.7036 I-0.1056 
J0.2277  
G1 X3.1801 Y3.3919  
G2 X3.2634 Y3.7028 I0.2277 
J0.1056  
G1 X3.9517 Y4.1002  
G2 X4.2627 Y4.0169 I0.1056 J-
0.2277  
G1 X4.66 Y3.3286  
G2 X4.5767 Y3.0176 I-0.2277 J-
0.1056  
G1 X4.5573 Y3.0065  
X4.5412 Y2.9461 F60.  
G40 X4.5653 Y2.9396  
G0 Z1.  
X1.5592 Y0.5714  
Z-0.4  
G1 Z-0.5  
Y0.6214 Z-0.55  
Y0.5714  
Y0.6214 Z-0.6  
 51 
Y0.5714  
Y0.6214 Z-0.65  
Y0.5714  
Y0.6214 Z-0.7  
Y0.5714  
Y0.6214 Z-0.75  
Y0.5964  
G41 X1.5527 Y0.5722 F80. D2  
G1 X1.6131 Y0.556 F60.  
X2.282 Y0.9422 F80.  
G2 X2.5929 Y0.8589 I0.1056 J-
0.2277  
G1 X2.9903 Y0.1706  
G2 X2.907 Y-0.1403 I-0.2277 J-
0.1056  
G1 X2.2187 Y-0.5377  
G2 X1.9078 Y-0.4544 I-0.1056 
J0.2277  
G1 X1.5104 Y0.2339  
G2 X1.5937 Y0.5449 I0.2277 
J0.1056  
G1 X1.6131 Y0.556  
X1.6293 Y0.6164 F60.  
G40 X1.6051 Y0.6229  
G1 X0.9063 Y1.1566 F80.  
G41 X0.9304 Y1.1501 D2  
G1 X0.9466 Y1.2105 F60.  
X0.5604 Y1.8794 F80.  
G2 X0.6437 Y2.1903 I0.2277 
J0.1056  
G1 X1.332 Y2.5877  
G2 X1.6429 Y2.5044 I0.1056 J-
0.2277  
G1 X2.0403 Y1.8161  
G2 X1.957 Y1.5051 I-0.2277 J-
0.1056  
G1 X1.2687 Y1.1078  
G2 X0.9578 Y1.1911 I-0.1056 
J0.2277  
G1 X0.9466 Y1.2105  
X0.8862 Y1.2266 F60.  
G40 X0.8797 Y1.2025  
G0 Z1.  
X-0.6595 Y-1.7065  
Z-0.4  
G1 Z-0.5  
Y-1.6565 Z-0.55  
Y-1.7065  
Y-1.6565 Z-0.6  
Y-1.7065  
Y-1.6565 Z-0.65  
Y-1.7065  
Y-1.6565 Z-0.7  
Y-1.7065  
Y-1.6565 Z-0.75  
Y-1.6815  
G41 X-0.6353 Y-1.688 F80. D2  
G1 X-0.6191 Y-1.6276 F60.  
X-1.7303 Y0.297 F80.  
G2 X-1.647 Y0.6079 I0.2277 
J0.1056  
G1 X0.297 Y1.7303  
G2 X0.6079 Y1.647 I0.1056 J-
0.2277  
G1 X1.7303 Y-0.297  
G2 X1.647 Y-0.6079 I-0.2277 J-
0.1056  
G1 X-0.297 Y-1.7303  
G2 X-0.6079 Y-1.647 I-0.1056 
J0.2277  
G1 X-0.6191 Y-1.6276  
X-0.6795 Y-1.6115 F60.  
G40 X-0.686 Y-1.6356  
G0 Z1.  
X-1.9915 Y-1.4786  
Z-0.4  
G1 Z-0.5  
Y-1.4286 Z-0.55  
Y-1.4786  
Y-1.4286 Z-0.6  
Y-1.4786  
Y-1.4286 Z-0.65  
Y-1.4786  
Y-1.4286 Z-0.7  
Y-1.4786  
Y-1.4286 Z-0.75  
Y-1.4536  
G41 X-1.998 Y-1.4778 F80. D2  
G1 X-1.9376 Y-1.494 F60.  
X-1.2687 Y-1.1078 F80.  
G2 X-0.9578 Y-1.1911 I0.1056 J-
0.2277  
G1 X-0.5604 Y-1.8794  
G2 X-0.6437 Y-2.1903 I-0.2277 J-
0.1056  
G1 X-1.332 Y-2.5877  
G2 X-1.6429 Y-2.5044 I-0.1056 
J0.2277  
G1 X-2.0403 Y-1.8161  
G2 X-1.957 Y-1.5051 I0.2277 
J0.1056  
G1 X-1.9376 Y-1.494  
X-1.9214 Y-1.4336 F60.  
G40 X-1.9456 Y-1.4271  
G1 X-2.6444 Y-0.8934 F80.  
G41 X-2.6203 Y-0.8999 D2  
G1 X-2.6041 Y-0.8395 F60.  
X-2.9903 Y-0.1706 F80.  
G2 X-2.907 Y0.1403 I0.2277 
J0.1056  
G1 X-2.2187 Y0.5377  
G2 X-1.9078 Y0.4544 I0.1056 J-
0.2277  
G1 X-1.5104 Y-0.2339  
G2 X-1.5937 Y-0.5449 I-0.2277 J-
0.1056  
G1 X-2.282 Y-0.9422  
G2 X-2.5929 Y-0.8589 I-0.1056 
J0.2277  
G1 X-2.6041 Y-0.8395  
X-2.6645 Y-0.8234 F60.  
G40 X-2.671 Y-0.8475  
G0 Z1.  
X-4.6112 Y-2.9911  
Z-0.4  
G1 Z-0.5  
Y-2.9411 Z-0.55  
Y-2.9911  
Y-2.9411 Z-0.6  
Y-2.9911  
Y-2.9411 Z-0.65  
Y-2.9911  
Y-2.9411 Z-0.7  
Y-2.9911  
Y-2.9411 Z-0.75  
Y-2.9661  
G41 X-4.6177 Y-2.9903 F80. D2  
G1 X-4.5573 Y-3.0065 F60.  
X-3.8884 Y-2.6203 F80.  
G2 X-3.5775 Y-2.7036 I0.1056 J-
0.2277  
G1 X-3.1801 Y-3.3919  
G2 X-3.2634 Y-3.7028 I-0.2277 J-
0.1056  
G1 X-3.9517 Y-4.1002  
G2 X-4.2627 Y-4.0169 I-0.1056 
J0.2277  
G1 X-4.66 Y-3.3286  
G2 X-4.5767 Y-3.0176 I0.2277 
J0.1056  
G1 X-4.5573 Y-3.0065  
X-4.5412 Y-2.9461 F60.  
G40 X-4.5653 Y-2.9396  
G0 Z1.  
X-5.5612 Y-1.3457  
Z-0.4  
G1 Z-0.5  
Y-1.2957 Z-0.55  
Y-1.3457  
Y-1.2957 Z-0.6  
Y-1.3457  
Y-1.2957 Z-0.65  
Y-1.3457  
Y-1.2957 Z-0.7  
Y-1.3457  
Y-1.2957 Z-0.75  
Y-1.3207  
G41 X-5.5677 Y-1.3448 F80. D2  
G1 X-5.5073 Y-1.361 F60.  
X-4.8384 Y-0.9748 F80.  
G2 X-4.5275 Y-1.0581 I0.1056 J-
0.2277  
G1 X-4.1301 Y-1.7464  
G2 X-4.2134 Y-2.0574 I-0.2277 J-
0.1056  
G1 X-4.9017 Y-2.4547  
G2 X-5.2127 Y-2.3714 I-0.1056 
J0.2277  
G1 X-5.61 Y-1.6831  
G2 X-5.5267 Y-1.3722 I0.2277 
J0.1056  
G1 X-5.5073 Y-1.361  
X-5.4912 Y-1.3006 F60.  
G40 X-5.5153 Y-1.2942  
G0 Z1.  
X-7.7296 Y-4.1839  
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Z-0.4  
G1 Z-0.5  
Y-4.1339 Z-0.55  
Y-4.1839  
Y-4.1339 Z-0.6  
Y-4.1839  
Y-4.1339 Z-0.65  
Y-4.1839  
Y-4.1339 Z-0.7  
Y-4.1839  
Y-4.1339 Z-0.75  
Y-4.1589  
G41 X-7.7232 Y-4.1347 F80. D2  
G1 X-7.7835 Y-4.1185 F60.  
X-8.4524 Y-4.5047 F80.  
G2 X-8.7634 Y-4.4214 I-0.1056 
J0.2277  
G1 X-9.1607 Y-3.7331  
G2 X-9.0774 Y-3.4222 I0.2277 
J0.1056  
G1 X-8.3891 Y-3.0248  
G2 X-8.0782 Y-3.1081 I0.1056 J-
0.2277  
G1 X-7.6808 Y-3.7964  
G2 X-7.7641 Y-4.1074 I-0.2277 J-
0.1056  
G1 X-7.7835 Y-4.1185  
X-7.7997 Y-4.1789 F60.  
G40 X-7.7756 Y-4.1854  
G1 X-7.0767 Y-4.7191 F80.  
G41 X-7.1008 Y-4.7126 D2  
G1 X-7.117 Y-4.773 F60.  
X-6.7308 Y-5.4419 F80.  
G2 X-6.8141 Y-5.7528 I-0.2277 J-
0.1056  
G1 X-7.5024 Y-6.1502  
G2 X-7.8134 Y-6.0669 I-0.1056 
J0.2277  
G1 X-8.2107 Y-5.3786  
G2 X-8.1274 Y-5.0676 I0.2277 
J0.1056  
G1 X-7.4391 Y-4.6703  
G2 X-7.1282 Y-4.7536 I0.1056 J-
0.2277  
G1 X-7.117 Y-4.773  
X-7.0566 Y-4.7891 F60.  
G40 X-7.0502 Y-4.765  
G1 X-6.8299 Y-5.244 F80.  
G41 X-6.8057 Y-5.2505 D2  
G1 X-6.7896 Y-5.1901 F60.  
X-7.9008 Y-3.2655 F80.  
G2 X-7.8174 Y-2.9546 I0.2277 
J0.1056  
G1 X-5.8734 Y-1.8322  
G2 X-5.5625 Y-1.9155 I0.1056 J-
0.2277  
G1 X-4.4401 Y-3.8595  
G2 X-4.5234 Y-4.1704 I-0.2277 J-
0.1056  
G1 X-6.4674 Y-5.2928  
G2 X-6.7784 Y-5.2095 I-0.1057 
J0.2277  
G1 X-6.7896 Y-5.1901  
X-6.8499 Y-5.174 F60.  
G40 X-6.8564 Y-5.1981  
G0 Z1.  
(BORE HOLES)  
T3 M6  
G0 G90 G54 X-7.4708 Y-5.4102 
S7500 M3  
G43 Z1. H3 M8  
G81 G98 X-7.4708 Y-5.4102 Z-
0.75 R-0.4 F12.  
X-3.9201 Y-3.3602 R-0.4  
X-8.4208 Y-3.7648 R-0.4  
X-4.8701 Y-1.7148 R-0.4  
X-1.3004 Y-1.8477 R-0.4  
X2.2504 Y0.2023 R-0.4  
X-2.2504 Y-0.2023 R-0.4  
X1.3004 Y1.8477 R-0.4  
X4.8701 Y1.7148 R-0.4  
X8.4208 Y3.7648 R-0.4  
X3.9201 Y3.3602 R-0.4  
X7.4708 Y5.4102 R-0.4  
G80  
M9  
G28 G91 Z0  
M30  
% 
 
 
NC code for setup 2 finishing operations: 
 
(FINISH BORES)  
G187 P3 E0.025 
T2 M6  
G0 G90 G54 X-6.1762 Y3.6212 
S6112 M3  
G43 Z1. H2 M8  
G0 Z0.1  
G1 Z0 F60.  
Y3.6837 Z-0.125  
Y3.6212  
Y3.6837 Z-0.25  
Y3.6525  
G41 X-6.1637 Y3.6741 F80. D2  
G3 X-6.3003 Y3.6375 I-0.05 J-
0.0866 F60.  
X-6.0405 Y3.4875 I0.1299 J-
0.075 F80.  
X-6.3003 Y3.6375 I-0.1299 
J0.075  
X-6.282 Y3.5692 I0.0433 J-0.025 
F60.  
G1 G40 X-6.2695 Y3.5908  
G0 Z1.  
X-0.0058 Y0.0587  
Z0.1  
G1 Z0  
Y0.1212 Z-0.125  
Y0.0587  
Y0.1212 Z-0.25  
Y0.09  
G41 X0.0067 Y0.1116 F80. D2  
G3 X-0.1299 Y0.075 I-0.05 J-
0.0866 F60.  
X0.1299 Y-0.075 I0.1299 J-0.075 
F80.  
X-0.1299 Y0.075 I-0.1299 J0.075  
X-0.1116 Y0.0067 I0.0433 J-
0.025 F60.  
G1 G40 X-0.0991 Y0.0283  
G0 Z1.  
X6.1646 Y-3.5038  
Z0.1  
G1 Z0  
Y-3.4413 Z-0.125  
Y-3.5038  
Y-3.4413 Z-0.25  
Y-3.4725  
G41 X6.1771 Y-3.4509 F80. D2  
G3 X6.0405 Y-3.4875 I-0.05 J-
0.0866 F60.  
X6.3003 Y-3.6375 I0.1299 J-
0.075 F80.  
X6.0405 Y-3.4875 I-0.1299 
J0.075  
X6.0588 Y-3.5558 I0.0433 J-
0.025 F60.  
G1 G40 X6.0713 Y-3.5342  
G0 Z1.  
(FINISH SPLINES)  
X-5.528 Y2.869  
Z0.1  
G1 Z0 F50.  
Y2.9315 Z-0.0625  
Y2.869  
Y2.9315 Z-0.125  
Y2.869  
Y2.9315 Z-0.1875  
Y2.869  
Y2.9315 Z-0.25  
Y2.9002  
G41 X-5.5334 Y2.9246 F225. D2  
G3 X-5.5713 Y2.8649 I0.0109 J-
0.0488 F50.  
G2 X-6.2897 Y2.5849 I-0.3806 J-
0.085 F225.  
G3 X-6.9572 Y2.9704 I-0.6671 J-
0.3845  
G2 X-7.0741 Y3.7326 I-0.0002 
J0.39  
G3 X-6.7695 Y4.2601 I-0.1346 
J0.4294  
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G2 X-6.0511 Y4.5399 I0.3806 
J0.085  
G3 X-5.3837 Y4.1546 I0.6671 
J0.3847  
G2 X-5.2668 Y3.3924 I0.0002 J-
0.39  
G3 X-5.5713 Y2.8649 I0.1347 J-
0.4294  
X-5.5116 Y2.827 I0.0488 J0.0109 
F50.  
G1 G40 X-5.5171 Y2.8514  
G0 Z1.  
X-0.9425 Y0.179  
Z0.1  
G1 Z0  
Y0.2415 Z-0.0625  
Y0.179  
Y0.2415 Z-0.125  
Y0.179  
Y0.2415 Z-0.1875  
Y0.179  
Y0.2415 Z-0.25  
Y0.2103  
G41 X-0.9663 Y0.2028 F225. D2  
G3 X-0.9037 Y0.1701 I0.0477 
J0.015 F50.  
X-0.5991 Y0.6976 I-0.1346 
J0.4294 F225.  
G2 X0.1194 Y0.9774 I0.3806 
J0.085  
G3 X0.7868 Y0.5921 I0.667 
J0.3847  
G2 X0.9037 Y-0.1701 I0.0002 J-
0.39  
G3 X0.5991 Y-0.6976 I0.1346 J-
0.4294  
G2 X-0.1193 Y-0.9776 I-0.3806 J-
0.085  
G3 X-0.7868 Y-0.5921 I-0.6671 J-
0.3845  
G2 X-0.9037 Y0.1701 I-0.0002 
J0.39  
G3 X-0.8709 Y0.2327 I-0.0149 
J0.0477 F50.  
G1 G40 X-0.8948 Y0.2253  
G0 Z1.  
X5.228 Y-3.3835  
Z0.1  
G1 Z0  
Y-3.321 Z-0.0625  
Y-3.3835  
Y-3.321 Z-0.125  
Y-3.3835  
Y-3.321 Z-0.1875  
Y-3.3835  
Y-3.321 Z-0.25  
Y-3.3522  
G41 X5.2041 Y-3.3597 F225. D2  
G3 X5.2668 Y-3.3924 I0.0477 
J0.015 F50.  
X5.5713 Y-2.8649 I-0.1347 
J0.4294 F225.  
G2 X6.2898 Y-2.5851 I0.3806 
J0.085  
G3 X6.9572 Y-2.9704 I0.667 
J0.3847  
G2 X7.0741 Y-3.7326 I0.0002 J-
0.39  
G3 X6.7695 Y-4.2601 I0.1346 J-
0.4294  
G2 X6.0512 Y-4.5401 I-0.3806 J-
0.085  
G3 X5.3837 Y-4.1546 I-0.6672 J-
0.3845  
G2 X5.2668 Y-3.3924 I-0.0002 
J0.39  
G3 X5.2995 Y-3.3298 I-0.015 
J0.0477 F50.  
G1 G40 X5.2757 Y-3.3372  
G0 Z1.  
(FINISH CIRCLES)  
X-4.9863 Y2.8885  
Z-0.15  
G1 Z-0.25 F60.  
Y2.9385 Z-0.375  
Y2.8885  
Y2.9385 Z-0.5  
Y2.9135  
G41 X-4.9763 Y2.9308 F80. D2  
G3 X-5.0446 Y2.9125 I-0.025 J-
0.0433 F60.  
G2 X-7.2963 Y4.2125 I-1.1258 
J0.65 F80.  
X-5.0446 Y2.9125 I1.1259 J-0.65  
G3 X-5.0263 Y2.8442 I0.0433 J-
0.025 F60.  
G1 G40 X-5.0163 Y2.8615  
G0 Z1.  
X-1.1841 Y0.624  
Z-0.15  
G1 Z-0.25  
Y0.674 Z-0.375  
Y0.624  
Y0.674 Z-0.5  
Y0.649  
G41 X-1.1941 Y0.6317 F80. D2  
G3 X-1.1258 Y0.65 I0.025 
J0.0433 F60.  
G2 X1.1258 Y-0.65 I1.1258 J-
0.65 F80.  
X-1.1258 Y0.65 I-1.1258 J0.65  
G3 X-1.1441 Y0.7183 I-0.0433 
J0.025 F60.  
G1 G40 X-1.1541 Y0.701  
G0 Z1.  
X4.9863 Y-2.9385  
Z-0.15  
G1 Z-0.25  
Y-2.8885 Z-0.375  
Y-2.9385  
Y-2.8885 Z-0.5  
Y-2.9135  
G41 X4.9763 Y-2.9308 F80. D2  
G3 X5.0446 Y-2.9125 I0.025 
J0.0433 F60.  
G2 X7.2963 Y-4.2125 I1.1258 J-
0.65 F80.  
X5.0446 Y-2.9125 I-1.1259 J0.65  
G3 X5.0263 Y-2.8442 I-0.0433 
J0.025 F60.  
G1 G40 X5.0163 Y-2.8615  
G0 Z1.  
(FINISH SQUARES)  
X7.6252 Y-3.7941  
Z-0.4  
G1 Z-0.5  
Y-3.7441 Z-0.55  
Y-3.7941  
Y-3.7441 Z-0.6  
Y-3.7941  
Y-3.7441 Z-0.65  
Y-3.7941  
Y-3.7441 Z-0.7  
Y-3.7941  
Y-3.7441 Z-0.75  
Y-3.7691  
G41 X7.6316 Y-3.7932 F80. D2  
G1 X7.692 Y-3.777 F60.  
X8.0782 Y-3.1081 F80.  
G2 X8.3891 Y-3.0248 I0.2053 J-
0.1444  
G1 X9.0774 Y-3.4222  
G2 X9.1607 Y-3.7331 I-0.1444 J-
0.2053  
G1 X8.7634 Y-4.4214  
G2 X8.4524 Y-4.5047 I-0.2054 
J0.1444  
G1 X7.7641 Y-4.1074  
G2 X7.6808 Y-3.7964 I0.1444 
J0.2054  
G1 X7.692 Y-3.777  
X7.6758 Y-3.7167 F60.  
G40 X7.6517 Y-3.7231  
G1 X7.4665 Y-4.6146 F80.  
G41 X7.4423 Y-4.6211 D2  
G1 X7.4585 Y-4.6815 F60.  
X8.1274 Y-5.0676 F80.  
G2 X8.2107 Y-5.3786 I-0.1444 J-
0.2054  
G1 X7.8134 Y-6.0669  
G2 X7.5024 Y-6.1502 I-0.2054 
J0.1444  
G1 X6.8141 Y-5.7528  
G2 X6.7308 Y-5.4419 I0.1444 
J0.2053  
G1 X7.1282 Y-4.7536  
G2 X7.4391 Y-4.6703 I0.2053 J-
0.1444  
G1 X7.4585 Y-4.6815  
X7.5189 Y-4.6653 F60.  
G40 X7.5124 Y-4.6411  
G0 Z1.  
X6.4401 Y-5.3735  
Z-0.4  
G1 Z-0.5  
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Y-5.3235 Z-0.55  
Y-5.3735  
Y-5.3235 Z-0.6  
Y-5.3735  
Y-5.3235 Z-0.65  
Y-5.3735  
Y-5.3235 Z-0.7  
Y-5.3735  
Y-5.3235 Z-0.75  
Y-5.3485  
G41 X6.4642 Y-5.342 F80. D2  
G1 X6.4481 Y-5.2816 F60.  
X4.5234 Y-4.1704 F80.  
G2 X4.4401 Y-3.8595 I0.1444 
J0.2053  
G1 X5.5625 Y-1.9155  
G2 X5.8734 Y-1.8322 I0.2053 J-
0.1444  
G1 X7.8174 Y-2.9546  
G2 X7.9008 Y-3.2655 I-0.1443 J-
0.2053  
G1 X6.7784 Y-5.2095  
G2 X6.4674 Y-5.2928 I-0.2053 
J0.1444  
G1 X6.4481 Y-5.2816  
X6.3877 Y-5.2978 F60.  
G40 X6.3942 Y-5.322  
G0 Z1.  
X4.0745 Y-1.7441  
Z-0.4  
G1 Z-0.5  
Y-1.6941 Z-0.55  
Y-1.7441  
Y-1.6941 Z-0.6  
Y-1.7441  
Y-1.6941 Z-0.65  
Y-1.7441  
Y-1.6941 Z-0.7  
Y-1.7441  
Y-1.6941 Z-0.75  
Y-1.7191  
G41 X4.0809 Y-1.7432 F80. D2  
G1 X4.1413 Y-1.727 F60.  
X4.5275 Y-1.0581 F80.  
G2 X4.8384 Y-0.9748 I0.2053 J-
0.1444  
G1 X5.5267 Y-1.3722  
G2 X5.61 Y-1.6831 I-0.1444 J-
0.2053  
G1 X5.2127 Y-2.3714  
G2 X4.9017 Y-2.4547 I-0.2054 
J0.1444  
G1 X4.2134 Y-2.0574  
G2 X4.1301 Y-1.7464 I0.1444 
J0.2054  
G1 X4.1413 Y-1.727  
X4.1251 Y-1.6667 F60.  
G40 X4.101 Y-1.6731  
G1 X3.9158 Y-2.5646 F80.  
G41 X3.8916 Y-2.5711 D2  
G1 X3.9078 Y-2.6315 F60.  
X4.5767 Y-3.0176 F80.  
G2 X4.66 Y-3.3286 I-0.1444 J-
0.2054  
G1 X4.2627 Y-4.0169  
G2 X3.9517 Y-4.1002 I-0.2054 
J0.1444  
G1 X3.2634 Y-3.7028  
G2 X3.1801 Y-3.3919 I0.1444 
J0.2053  
G1 X3.5775 Y-2.7036  
G2 X3.8884 Y-2.6203 I0.2053 J-
0.1444  
G1 X3.9078 Y-2.6315  
X3.9682 Y-2.6153 F60.  
G40 X3.9617 Y-2.5911  
G0 Z1.  
X2.096 Y-1.8684  
Z-0.4  
G1 Z-0.5  
Y-1.8184 Z-0.55  
Y-1.8684  
Y-1.8184 Z-0.6  
Y-1.8684  
Y-1.8184 Z-0.65  
Y-1.8684  
Y-1.8184 Z-0.7  
Y-1.8684  
Y-1.8184 Z-0.75  
Y-1.8434  
G41 X2.0895 Y-1.8193 F80. D2  
G1 X2.0291 Y-1.8355 F60.  
X1.6429 Y-2.5044 F80.  
G2 X1.332 Y-2.5877 I-0.2053 
J0.1444  
G1 X0.6437 Y-2.1903  
G2 X0.5604 Y-1.8794 I0.1444 
J0.2053  
G1 X0.9578 Y-1.1911  
G2 X1.2687 Y-1.1078 I0.2053 J-
0.1444  
G1 X1.957 Y-1.5051  
G2 X2.0403 Y-1.8161 I-0.1444 J-
0.2054  
G1 X2.0291 Y-1.8355  
X2.0453 Y-1.8958 F60.  
G40 X2.0694 Y-1.8894  
G0 Z1.  
X1.4547 Y-0.2316  
Z-0.4  
G1 Z-0.5  
Y-0.1816 Z-0.55  
Y-0.2316  
Y-0.1816 Z-0.6  
Y-0.2316  
Y-0.1816 Z-0.65  
Y-0.2316  
Y-0.1816 Z-0.7  
Y-0.2316  
Y-0.1816 Z-0.75  
Y-0.2066  
G41 X1.4612 Y-0.2307 F80. D2  
G1 X1.5216 Y-0.2145 F60.  
X1.9078 Y0.4544 F80.  
G2 X2.2187 Y0.5377 I0.2053 J-
0.1444  
G1 X2.907 Y0.1403  
G2 X2.9903 Y-0.1706 I-0.1444 J-
0.2053  
G1 X2.5929 Y-0.8589  
G2 X2.282 Y-0.9422 I-0.2053 
J0.1444  
G1 X1.5937 Y-0.5449  
G2 X1.5104 Y-0.2339 I0.1444 
J0.2054  
G1 X1.5216 Y-0.2145  
X1.5054 Y-0.1542 F60.  
G40 X1.4813 Y-0.1606  
G0 Z1.  
X-1.786 Y-0.2947  
Z-0.4  
G1 Z-0.5  
Y-0.2447 Z-0.55  
Y-0.2947  
Y-0.2447 Z-0.6  
Y-0.2947  
Y-0.2447 Z-0.65  
Y-0.2947  
Y-0.2447 Z-0.7  
Y-0.2947  
Y-0.2447 Z-0.75  
Y-0.2697  
G41 X-1.7795 Y-0.2938 F80. D2  
G1 X-1.7191 Y-0.2776 F60.  
X-0.6079 Y1.647 F80.  
G2 X-0.297 Y1.7303 I0.2053 J-
0.1444  
G1 X1.647 Y0.6079  
G2 X1.7303 Y0.297 I-0.1444 J-
0.2053  
G1 X0.6079 Y-1.647  
G2 X0.297 Y-1.7303 I-0.2053 
J0.1444  
G1 X-1.647 Y-0.6079  
G2 X-1.7303 Y-0.297 I0.1444 
J0.2053  
G1 X-1.7191 Y-0.2776  
X-1.7353 Y-0.2173 F60.  
G40 X-1.7595 Y-0.2237  
G0 Z1.  
X-3.046 Y0.173  
Z-0.4  
G1 Z-0.5  
Y0.223 Z-0.55  
Y0.173  
Y0.223 Z-0.6  
Y0.173  
Y0.223 Z-0.65  
Y0.173  
Y0.223 Z-0.7  
Y0.173  
Y0.223 Z-0.75  
Y0.198  
G41 X-3.0395 Y0.1738 F80. D2  
G1 X-2.9791 Y0.19 F60.  
X-2.5929 Y0.8589 F80.  
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G2 X-2.282 Y0.9422 I0.2053 J-
0.1444  
G1 X-1.5937 Y0.5449  
G2 X-1.5104 Y0.2339 I-0.1444 J-
0.2054  
G1 X-1.9078 Y-0.4544  
G2 X-2.2187 Y-0.5377 I-0.2053 
J0.1444  
G1 X-2.907 Y-0.1403  
G2 X-2.9903 Y0.1706 I0.1444 
J0.2053  
G1 X-2.9791 Y0.19  
X-2.9953 Y0.2504 F60.  
G40 X-3.0194 Y0.2439  
G0 Z1.  
X-2.096 Y1.8184  
Z-0.4  
G1 Z-0.5  
Y1.8684 Z-0.55  
Y1.8184  
Y1.8684 Z-0.6  
Y1.8184  
Y1.8684 Z-0.65  
Y1.8184  
Y1.8684 Z-0.7  
Y1.8184  
Y1.8684 Z-0.75  
Y1.8434  
G41 X-2.0895 Y1.8193 F80. D2  
G1 X-2.0291 Y1.8355 F60.  
X-1.6429 Y2.5044 F80.  
G2 X-1.332 Y2.5877 I0.2053 J-
0.1444  
G1 X-0.6437 Y2.1903  
G2 X-0.5604 Y1.8794 I-0.1444 J-
0.2053  
G1 X-0.9578 Y1.1911  
G2 X-1.2687 Y1.1078 I-0.2053 
J0.1444  
G1 X-1.957 Y1.5051  
G2 X-2.0403 Y1.8161 I0.1444 
J0.2054  
G1 X-2.0291 Y1.8355  
X-2.0453 Y1.8958 F60.  
G40 X-2.0694 Y1.8894  
G0 Z1.  
X-4.7157 Y3.3309  
Z-0.4  
G1 Z-0.5  
Y3.3809 Z-0.55  
Y3.3309  
Y3.3809 Z-0.6  
Y3.3309  
Y3.3809 Z-0.65  
Y3.3309  
Y3.3809 Z-0.7  
Y3.3309  
Y3.3809 Z-0.75  
Y3.3559  
G41 X-4.7092 Y3.3318 F80. D2  
G1 X-4.6488 Y3.348 F60.  
X-4.2627 Y4.0169 F80.  
G2 X-3.9517 Y4.1002 I0.2054 J-
0.1444  
G1 X-3.2634 Y3.7028  
G2 X-3.1801 Y3.3919 I-0.1444 J-
0.2053  
G1 X-3.5775 Y2.7036  
G2 X-3.8884 Y2.6203 I-0.2053 
J0.1444  
G1 X-4.5767 Y3.0176  
G2 X-4.66 Y3.3286 I0.1444 
J0.2054  
G1 X-4.6488 Y3.348  
X-4.665 Y3.4083 F60.  
G40 X-4.6892 Y3.4019  
G1 X-4.8744 Y2.5104 F80.  
G41 X-4.8985 Y2.5039 D2  
G1 X-4.8823 Y2.4435 F60.  
X-4.2134 Y2.0574 F80.  
G2 X-4.1301 Y1.7464 I-0.1444 J-
0.2054  
G1 X-4.5275 Y1.0581  
G2 X-4.8384 Y0.9748 I-0.2053 
J0.1444  
G1 X-5.5267 Y1.3722  
G2 X-5.61 Y1.6831 I0.1444 
J0.2053  
G1 X-5.2127 Y2.3714  
G2 X-4.9017 Y2.4547 I0.2054 J-
0.1444  
G1 X-4.8823 Y2.4435  
X-4.822 Y2.4597 F60.  
G40 X-4.8284 Y2.4839  
G0 Z1.  
X-7.9564 Y3.2678  
Z-0.4  
G1 Z-0.5  
Y3.3178 Z-0.55  
Y3.2678  
Y3.3178 Z-0.6  
Y3.2678  
Y3.3178 Z-0.65  
Y3.2678  
Y3.3178 Z-0.7  
Y3.2678  
Y3.3178 Z-0.75  
Y3.2928  
G41 X-7.9499 Y3.2687 F80. D2  
G1 X-7.8896 Y3.2849 F60.  
X-6.7784 Y5.2095 F80.  
G2 X-6.4674 Y5.2928 I0.2053 J-
0.1444  
G1 X-4.5234 Y4.1704  
G2 X-4.4401 Y3.8595 I-0.1444 J-
0.2053  
G1 X-5.5625 Y1.9155  
G2 X-5.8734 Y1.8322 I-0.2053 
J0.1444  
G1 X-7.8174 Y2.9546  
G2 X-7.9008 Y3.2655 I0.1443 
J0.2053  
G1 X-7.8896 Y3.2849  
X-7.9057 Y3.3452 F60.  
G40 X-7.9299 Y3.3388  
G1 X-7.6252 Y3.7691 F80.  
G41 X-7.6316 Y3.7932 D2  
G1 X-7.692 Y3.777 F60.  
X-8.0782 Y3.1081 F80.  
G2 X-8.3891 Y3.0248 I-0.2053 
J0.1444  
G1 X-9.0774 Y3.4222  
G2 X-9.1607 Y3.7331 I0.1444 
J0.2053  
G1 X-8.7634 Y4.4214  
G2 X-8.4524 Y4.5047 I0.2054 J-
0.1444  
G1 X-7.7641 Y4.1074  
G2 X-7.6808 Y3.7964 I-0.1444 J-
0.2054  
G1 X-7.692 Y3.777  
X-7.6758 Y3.7167 F60.  
G40 X-7.6517 Y3.7231  
G0 Z1.  
X-8.2664 Y5.3809  
Z-0.4  
G1 Z-0.5  
Y5.4309 Z-0.55  
Y5.3809  
Y5.4309 Z-0.6  
Y5.3809  
Y5.4309 Z-0.65  
Y5.3809  
Y5.4309 Z-0.7  
Y5.3809  
Y5.4309 Z-0.75  
Y5.4059  
G41 X-8.2599 Y5.3818 F80. D2  
G1 X-8.1995 Y5.398 F60.  
X-7.8134 Y6.0669 F80.  
G2 X-7.5024 Y6.1502 I0.2054 J-
0.1444  
G1 X-6.8141 Y5.7528  
G2 X-6.7308 Y5.4419 I-0.1444 J-
0.2053  
G1 X-7.1282 Y4.7536  
G2 X-7.4391 Y4.6703 I-0.2053 
J0.1444  
G1 X-8.1274 Y5.0676  
G2 X-8.2107 Y5.3786 I0.1444 
J0.2054  
G1 X-8.1995 Y5.398  
X-8.2157 Y5.4583 F60.  
G40 X-8.2399 Y5.4519  
G0 Z1.  
(BORE HOLES)  
T3 M6  
G0 G90 G54 X7.4708 Y-5.4102 
S7500 M3  
G43 Z1. H3 M8  
G81 G98 X7.4708 Y-5.4102 Z-
0.75 R-0.4 F12.  
X8.4208 Y-3.7648 R-0.4  
X3.9201 Y-3.3602 R-0.4  
X1.3004 Y-1.8477 R-0.4  
X4.8701 Y-1.7148 R-0.4  
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X2.2504 Y-0.2023 R-0.4  
X-2.2504 Y0.2023 R-0.4  
X-4.8701 Y1.7148 R-0.4  
X-1.3004 Y1.8477 R-0.4  
X-3.9201 Y3.3602 R-0.4  
X-8.4208 Y3.7648 R-0.4  
X-7.4708 Y5.4102 R-0.4  
G80  
M9  
G28 G91 Z0  
M30  
% 
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A.4: Test Part Inspection Documents
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Machining Test Part Inspection Measurements: 
 
Measurement Name Description 
Bore 1 Bore 1 circularity and position 
Bore 2 Bore 2 circularity and position 
Bore 3 Bore 2 circularity and position 
Bore 1 to Bore 2 Distance, deviation from nominal 
Bore 2 to Bore 3 Distance, deviation from nominal 
Bore 1 to Bore 3 Distance, deviation from nominal 
Arc 1-1 Arc form error (circularity) 
Arc 2-1 Arc form error (circularity) 
Arc 3-1 Arc form error (circularity) 
Arc 4-1 Arc form error (circularity) 
Arc 5-1 Arc form error (circularity) 
Arc 6-1 Arc form error (circularity) 
Arc 7-1 Arc form error (circularity) 
Arc 8-1 Arc form error (circularity) 
Arc 1-2 Arc form error (circularity) 
Arc 2-2 Arc form error (circularity) 
Arc 3-2 Arc form error (circularity) 
Arc 4-2 Arc form error (circularity) 
Arc 5-2 Arc form error (circularity) 
Arc 6-2 Arc form error (circularity) 
Arc 7-2 Arc form error (circularity) 
Arc 8-2 Arc form error (circularity) 
Arc 1-3 Arc form error (circularity) 
Arc 2-3 Arc form error (circularity) 
Arc 3-3 Arc form error (circularity) 
Arc 4-3 Arc form error (circularity) 
Arc 5-3 Arc form error (circularity) 
Arc 6-3 Arc form error (circularity) 
Arc 7-3 Arc form error (circularity) 
Arc 8-3 Arc form error (circularity) 
C Boss 1 Circular Boss form error (circularity) 
C Boss 2 Circular Boss form error (circularity) 
C Boss 3 Circular Boss form error (circularity) 
Boss 1L 
Boss 1 Left side linearity and position (sides named as viewed from 
above) 
Boss 1B Boss 1 back side linearity and position 
Boss 1R Boss 1 right side linearity and position 
Boss 1F Boss 1 front side linearity and position 
Boss 1 L to B Angular Error between boss sides 
Boss 1 R to B Angular Error between boss sides 
Boss 1 L to R Angular Error between boss sides 
Boss1 L to F Angular Error between boss sides 
Boss 1 R to F Angular Error between boss sides 
Boss 1 F to B Angular Error between boss sides 
Boss 1 width Boss width size deviation 
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Boss 1 height Boss height size deviation 
Boss 2 L Boss 2 Left side linearity and position (as viewed from above) 
Boss 2 B Boss 2 back side linearity and position 
Boss 2 R Boss 2 right side linearity and position 
Boss 2 F Boss 2 front side linearity and position 
Boss 2 B to R Angular Error between boss sides 
Boss 2 F to R Angular Error between boss sides 
Boss 2 L to R Angular Error between boss sides 
Boss 2 L to B Angular Error between boss sides 
Boss 2 L to F Angular Error between boss sides 
Boss 2 F to B Angular Error between boss sides 
Boss 2 Width Boss width size deviation 
Boss 2 Height Boss height size deviation 
Boss 3 L Boss 3 Left side linearity and position (as viewed from above) 
Boss 3 B Boss 3 back side linearity and position 
Boss 3 R Boss 3 right side linearity and position 
Boss 3 F Boss 3 front side linearity and position 
Boss 3 L to B Angular Error between boss sides 
Boss 3 R to B Angular Error between boss sides 
Boss 3 L to R Angular Error between boss sides 
Boss 3 L to F Angular Error between boss sides 
Boss 3 R to F Angular Error between boss sides 
Boss 3 F to B Angular Error between boss sides 
Boss 3 Width Boss width size deviation 
Boss 3 height Boss height size deviation 
Bore 4 Bore Position and form error (circularity) 
Bore 5 Bore Position and form error (circularity) 
Bore 6 Bore Position and form error (circularity) 
Bore 7 Bore Position and form error (circularity) 
Bore 8 Bore Position and form error (circularity) 
Bore 9 Bore Position and form error (circularity) 
Bore 10 Bore Position and form error (circularity) 
Bore 11 Bore Position and form error (circularity) 
Bore 12 Bore Position and form error (circularity) 
Bore 13 Bore Position and form error (circularity) 
Bore 14 Bore Position and form error (circularity) 
Bore 15 Bore Position and form error (circularity) 
Boss 6F Boss front side position 
Boss 6L Boss left side position 
Boss 6B Boss back side position 
Boss 6R Boss right side position 
Boss 6 Width Boss width size deviation from nominal 
Boss 6 height Boss width size deviation from nominal 
Boss7F Boss front side position 
Boss 7L Boss left side position 
Boss 7B Boss back side position 
Boss 7R Boss right side position 
Boss 7 height Boss width size deviation from nominal 
Boss 7 Width Boss width size deviation from nominal 
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Boss 8F Boss front side position 
Boss 8L Boss left side position 
Boss 8B Boss back side position 
Boss 8R Boss right side position 
Boss 8 height Boss width size deviation from nominal 
Boss 8 Width Boss width size deviation from nominal 
Boss 9F Boss front side position 
Boss 9L Boss left side position 
Boss 9B Boss back side position 
Boss 9R Boss right side position 
Boss 9 height Boss width size deviation from nominal 
Boss 9 Width Boss width size deviation from nominal 
Boss 10F Boss front side position 
Boss 10L Boss left side position 
Boss 10B Boss back side position 
Boss 10R Boss right side position 
Boss 10 height Boss width size deviation from nominal 
Boss 10 Width Boss width size deviation from nominal 
Boss 11F Boss front side position 
Boss 11L Boss left side position 
Boss 11B Boss back side position 
Boss 11R Boss right side position 
Boss 11 height Boss width size deviation from nominal 
Boss 11 Width Boss width size deviation from nominal 
Boss 12F Boss front side position 
Boss 12L Boss left side position 
Boss 12B Boss back side position 
Boss 12R Boss right side position 
Boss 12 height Boss width size deviation from nominal 
Boss 12 Width Boss width size deviation from nominal 
Boss 13F Boss front side position 
Boss 13L Boss left side position 
Boss 13B Boss back side position 
Boss 13R Boss right side position 
Boss 13 height Boss width size deviation from nominal 
Boss 13 Width Boss width size deviation from nominal 
Bore 4 to 6 Bore to Bore Distance, deviation from nominal 
Bore 4 to 5 Bore to Bore Distance, deviation from nominal 
Bore 5 to 7 Bore to Bore Distance, deviation from nominal 
Bore 6 to 7 Bore to Bore Distance, deviation from nominal 
Bore 8 to 10 Bore to Bore Distance, deviation from nominal 
Bore 9 to 11 Bore to Bore Distance, deviation from nominal 
Bore 8 to 9 Bore to Bore Distance, deviation from nominal 
Bore 10 to 11 Bore to Bore Distance, deviation from nominal 
Bore 12 to 13 Bore to Bore Distance, deviation from nominal 
Bore 14 to 15 Bore to Bore Distance, deviation from nominal 
Bore 12 to 14 Bore to Bore Distance, deviation from nominal 
Bore 13 to 15 Bore to Bore Distance, deviation from nominal 
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Bore 4 to 14 Bore to Bore Distance, deviation from nominal 
Bore 5 to 15 Bore to Bore Distance, deviation from nominal 
Bore 7 to 13 Bore to Bore Distance, deviation from nominal 
Bore 6 to 12 Bore to Bore Distance, deviation from nominal 
Bore 4 to 8 Bore to Bore Distance, deviation from nominal 
Bore 5 to 9 Bore to Bore Distance, deviation from nominal 
Bore 10 to 14 Bore to Bore Distance, deviation from nominal 
Bore 11 to 15 Bore to Bore Distance, deviation from nominal 
Bore 6 to 10 Bore to Bore Distance, deviation from nominal 
Bore 7 to 11 Bore to Bore Distance, deviation from nominal 
Bore 8 to 12 Bore to Bore Distance, deviation from nominal 
Bore 9 to 13 Bore to Bore Distance, deviation from nominal 
Boss 1R to Boss 2L Distance between boss sides, distance from nominal 
Boss 2R to Boss 3L Distance between boss sides, distance from nominal 
Boss 1R to Boss 3L Distance between boss sides, distance from nominal 
Boss 6L to Boss 12R Distance between boss sides, distance from nominal 
Boss 7L to Boss 13R Distance between boss sides, distance from nominal 
Boss 6R to Boss 12L Distance between boss sides, distance from nominal 
Boss 7R to Boss 13L Distance between boss sides, distance from nominal 
Boss 8R to Boss 10L Distance between boss sides, distance from nominal 
Boss 9R to Boss 11L Distance between boss sides, distance from nominal 
Boss 6R to Boss 8L Distance between boss sides, distance from nominal 
Boss 7R to Boss 9L Distance between boss sides, distance from nominal 
Boss 10R to Boss 12L Distance between boss sides, distance from nominal 
Boss 11R to Boss 13L Distance between boss sides, distance from nominal 
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A.5: Chatter Test Material Drawing 
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A.6: Chatter Test Material Fixturing Setup Documents 
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Chatter Limit Test Setup Pictures: 
 
 
 
A.7: Accelerometer Setup Pictures 
X Direction Chatter Limit Test Accelerometer Setup: 
 
 
Y Direction Chatter Limit Test Accelerometer Setup: 
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A.8: Chatter Limit Test NC Code 
X Direction Chatter Limit Test NC Code: 
 
% (CHATTER TEST X 
DIRECTION)  
O1 (CHATTER TEST X 
DIRECTION)  
G00 G17 G20 G40 G49 G54 G80 
G90 G98 
G53 Z0.  
(FULL SLOT PASS1)  
(DEPTH 0.0375)  
T1 M6  
X-9. Y0 S1509 M3  
G43 Z1. H1 M9  
G0 Z0.0625  
G1 Z-0.0375 F27.162  
X-7.  
X-4.5  
X-9. Z8.0 
M01 
(FULL SLOT PASS2)  
(DEPTH 0.075)  
S1509 M3 
G0 Z0.025  
G1 Z-0.075 F27.162  
X-7.  
X-3.5  
X-9. Z8.0 
M01 
(FULL SLOT PASS3)  
(DEPTH 0.1125)  
S1509 M3 
G0 Z-0.0125  
G1 Z-0.1125 F27.162  
X-7.  
X-2.5  
X-9. Z8.0  
M01 
(FULL SLOT PASS4 )  
(DEPTH 0.150 )  
S1509 M3 
G0 Z-0.05  
G1 Z-0.15 F27.162  
X-7.  
X-1.5  
X-9. Z8.0 
M01 
(FULL SLOT PASS5)  
(DEPTH 0.1875) 
S1509 M3  
G0 Z-0.0875  
G1 Z-0.1875 F27.162  
X-7.  
X-0.5  
X-9. Z8.0 
M01 
(FULL SLOT PASS6)  
(DEPTH 0.225) 
S1509 M3  
G0 Z-0.125  
G1 Z-0.225 F27.162  
X-7.  
X0.5  
X-9. Z8.0 
M01 
(FULL SLOT PASS7)  
(DEPTH 0.2625)  
S1509 M3 
G0 Z-0.1625  
G1 Z-0.2625 F27.162  
X-7.  
X1.5  
X-9. Z8.0  
M01 
(HALF SLOT PASS 1)  
(CLIMB CUT)  
(DEPTH 0.075)  
S1509 M3 
G0 Y3. 
Z0.025  
G1 Z-0.075 F27.162  
X-7.  
X-4.5  
X-9. Z8.0 
M01  
(HALF SLOT PASS 2)  
(CLIMB CUT)  
(DEPTH 0.15)  
S1509 M3 
G0 Z-0.05  
G1 Z-0.15 F27.162  
X-7.  
X-3.5  
X-9. Z8.0 
M01 
(HALF SLOT PASS 3)  
(CLIMB CUT)  
(DEPTH 0.225)  
S1509 M3 
G0 Z-0.125  
G1 Z-0.225 F27.162  
X-7.  
X-2.5  
X-9. Z8.0 
M01 
(HALF SLOT PASS 4)  
(CLIMB CUT)  
(DEPTH 0.300)  
S1509 M3 
G0 Z-0.2  
G1 Z-0.3 F27.162  
X-7.  
X-1.5  
X-9. Z8.0  
M01 
(HALF SLOT PASS 5)  
(CLIMB CUT)  
(DEPTH 0.375)  
S1509 M3 
G0 Z-0.275  
G1 Z-0.375 F27.162  
X-7.  
X-0.5  
X-9. Z8.0 
M01 
(HALF SLOT PASS 6)  
(CLIMB CUT)  
(DEPTH 0.45)  
S1509 M3 
G0 Z-0.35  
G1 Z-0.45 F27.162  
X-7.  
X0.5  
X-9. Z8.0  
M01 
(HALF SLOT PASS 7)  
(CLIMB CUT)  
(DEPTH 0.525)  
S1509 M3 
G0 Z-0.425  
G1 Z-0.525 F27.162  
X-7.  
X1.5  
X-9. Z8.0 
M01 
(HALF SLOT PASS 1)  
(CONVENTIONAL CUT)  
(DEPTH 0.075)  
S1509 M3 
G0 Y-3.  
Z0.025  
G1 Z-0.075 F27.162  
X-7.  
X-4.5  
X-9. Z8.0  
M01 
(HALF SLOT PASS 2)  
(CONVENTIONAL CUT)  
(DEPTH 0.150)  
S1509 M3 
G0 Z-0.05  
G1 Z-0.15 F27.162  
X-7.  
X-3.5  
X-9. Z8.0 
M01  
(HALF SLOT PASS 3)  
(CONVENTIONAL CUT)  
(DEPTH 0.225)  
S1509 M3 
G0 Z-0.125  
G1 Z-0.225 F27.162  
X-7.  
X-2.5  
X-9. Z8.0 
M01  
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(HALF SLOT PASS 4)  
(CONVENTIONAL CUT)  
(DEPTH 0.3)  
S1509 M3 
G0 Z-0.2  
G1 Z-0.3 F27.162  
X-7.  
X-1.5  
X-9. Z8.0 
M01  
(HALF SLOT PASS 5)  
(CONVENTIONAL CUT)  
(DEPTH 0.375)  
S1509 M3 
G0 Z-0.275  
G1 Z-0.375 F27.162  
X-7.  
X-0.5  
X-9. Z8.0 
M01  
(HALF SLOT PASS 6)  
(CONVENTIONAL CUT)  
(DEPTH 0.450)  
S1509 M3 
G0 Z-0.35  
G1 Z-0.45 F27.162  
X-7.  
X0.5  
X-9. Z8.0  
M01 
(HALF SLOT PASS 7)  
(CONVENTIONAL CUT)  
(DEPTH 0.525)  
S1509 M3 
G0 Z-0.425  
G1 Z-0.525 F27.162  
X-7.  
X1.5  
X-9.Z8.0  
G0 G80 Z8.1 M9  
G49 G53 Z0  
M30  
% 
X Direction Chatter Limit Test NC Code:
 
% (CHATTER TEST Y 
DIRECTION) 
O1 (CHATTER TEST Y 
DIRECTION) 
G00 G17 G20 G40 G49 G54 G80 
G90 G98 
G53 Z0.  
(FULL SLOT PASS 1)  
(DEPTH 0.0375)  
T1 M6  
X0 Y-7.25 S1509 M3  
G43 Z1. H1 M9  
G0 Z0.0625  
G1 Z-0.0375 F27.162  
Y-7.  
Y-4.5  
Y-7.25 Z8. 
M01 
(FULL SLOT PASS 2)  
(DEPTH 0.075)  
S1509 M3 
G0 Z0.025  
G1 Z-0.075  
Y-7.  
Y-3.5  
Y-7.25 Z8. 
M01 
(FULL SLOT PASS 3)  
(DEPTH 0.1125)  
S1509 M3 
G0 Z-0.0125  
G1 Z-0.1125  
Y-7.  
Y-2.5  
Y-7.25 Z8. 
M01 
(FULL SLOT PASS 4)  
(DEPTH 0.15)  
S1509 M3 
G0 Z-0.05  
G1 Z-0.15  
Y-7.  
Y-1.5  
Y-7.25 Z8. 
M01 
(FULL SLOT PASS 5)  
(DEPTH 0.1875)  
S1509 M3 
G0 Z-0.0875  
G1 Z-0.1875  
Y-7.  
Y-0.5  
Y-7.25 Z8. 
M01 
(FULL SLOT PASS 6)  
(DEPTH 0.225)  
S1509 M3 
G0 Z-0.125  
G1 Z-0.225  
Y-7.  
Y0.5  
Y-7.25 Z8. 
M01 
(FULL SLOT PASS 7)  
(DEPTH 0.2625)  
S1509 M3 
G0 Z-0.1625  
G1 Z-0.2625  
Y-7.  
Y1.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 1)  
(CLIMB CUT)  
(DEPTH 0.075)  
S1509 M3 
G0 X-3.  
Z0.025  
G1 Z-0.075  
Y-7.  
Y-4.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 2)  
(CLIMB CUT)  
(DEPTH 0.15)  
S1509 M3 
G0 Z-0.05  
G1 Z-0.15  
Y-7.  
Y-3.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 3)  
(CLIMB CUT)  
(DEPTH 0.225)  
S1509 M3 
G0 Z-0.125  
G1 Z-0.225  
Y-7.  
Y-2.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 4)  
(CLIMB CUT)  
(DEPTH 0.300)  
S1509 M3 
G0 Z-0.2  
G1 Z-0.3  
Y-7.  
Y-1.5  
Y-7.25 Z8. 
M01  
(HALF SLOT PASS 5)  
(CLIMB CUT)  
(DEPTH 0.375)  
S1509 M3 
G0 Z-0.275  
G1 Z-0.375  
Y-7.  
Y-0.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 6)  
(CLIMB CUT)  
(DEPTH 0.450)  
S1509 M3 
G0 Z-0.35  
G1 Z-0.45  
Y-7.  
Y0.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 7)  
(CLIMB CUT)  
(DEPTH 0.525)  
S1509 M3 
G0 Z-0.425  
G1 Z-0.525  
Y-7.  
Y1.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 1)  
(CONVENTIONAL CUT)  
(DEPTH 0.075)  
S1509 M3 
G0 X3.  
Z0.025  
G1 Z-0.075  
Y-7.  
Y-4.5  
Y-7.25 Z8. 
M01 
(HALF SLOT PASS 2)  
(CONVENTIONAL CUT)  
(DEPTH 0.15)  
S1509 M3 
G0 Z-0.05  
G1 Z-0.15  
Y-7.  
Y-3.5  
Y-7.25 Z8.0 
M01 
(HALF SLOT PASS 3)  
(CONVENTIONAL CUT)  
(DEPTH 0.225)  
S1509 M3 
G0 Z-0.125  
G1 Z-0.225  
Y-7.  
Y-2.5  
Y-7.25 Z8. 
M01  
(HALF SLOT PASS 4)  
(CONVENTIONAL CUT)  
(DEPTH 0.30)  
S1509 M3 
G0 Z-0.2  
G1 Z-0.3  
Y-7.  
Y-1.5  
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Y-7.25 Z8. 
M01  
(HALF SLOT PASS 5)  
(CONVENTIONAL CUT)  
(DEPTH 0.375)  
S1509 M3 
G0 Z-0.275  
G1 Z-0.375  
Y-7.  
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Appendix B: Additional Pictures Taken Throughout the Project 
 
 
1. Chatter Limit Test Material Setup in Standard VF-2 
 
 
 
2. Chatter Limit Test Material after Testing 
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3. Chatter Marks in Test Piece from X Direction Climb Milling Operation in Standard VF-2 
 
 
 
4. Chatter Marks in Test Piece from X Direction Slotting Operation in Standard VF-2 
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5. Y Direction Chatter Limit Test Material 
 
 
 
 
 
6. Y Direction Chatter Limit Test Material after Testing 
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7. Anchoring System Used on IQL Supertuned VF-2 
 
 
 
 
 
 
8. Machining Test Part Material Fixtured in Standard VF-2 
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9. Completed Machining Test Part in Supertuned VF-2 
 
 
 
10. Coordinate Measuring Machine Used for Inspecting Test Parts 
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11. CMM Inspecting Test Part 
